DOT/FAA/TC-19/50, P2

Federal Aviation Administration
William J. Hughes Technical Center
Aviation Research Division

Atlantic City International Airport
New Jersey 08405

Development of a Tabulated
Material Model for Composite
Material Failure, MAT213

Part 2: Experimental Tests to
Characterize the Behavior and
Properties of T800-F3900 Toray
Composite

January 2020

Final Report

This document is available to the U.S. public
through the National Technical Information
Services (NTIS), Springfield, Virginia 22161.
This document is also available from the

Federal Aviation Administration William J. Hughes
Technical Center at actlibrary.tc.faa.gov.

e

U.S. Department of Transportation
Federal Aviation Administration



NOTICE

This document is disseminated under the sponsorship of the U.S.
Department of Transportation in the interest of information exchange. The
U.S. Government assumes no liability for the contents or use thereof. The
U.S. Government does not endorse products or manufacturers. Trade or
manufacturers’ names appear herein solely because they are considered
essential to the objective of this report. The findings and conclusions in
this report are those of the author(s) and do not necessarily represent the
views of the funding agency. This document does not constitute FAA
policy. Consult the FAA sponsoring organization listed on the Technical
Documentation page as to its use.

This report is available at the Federal Aviation Administration William J.
Hughes Technical Center’s Full-Text Technical Reports page:
actlibrary.tc.faa.gov in Adobe Acrobat portable document format (PDF).



Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.
DOT/FAA/TC-19/50, P2
4. Title and Subtitle 5. Report Date

Development of a Tabulated Material Model for Composite Material Failure, MAT213 January 2020

Part 2: Experimental Tests to Characterize the Behavior and Properties of T800- 6. Performing Organization Code
F3900 Toray Composite

7. Author(s) 8. Performing Organization Report No.

Bilal Khaled, Loukham Shyamsunder, Nathan Schmidt, Canio Hoffarth and
Subramaniam Rajan

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)

School of Sustainable Engineering and the Built Environment

Arizona State University 11. Contract or Grant No.

660 South College Ave FAA Grant 12-G-001

Tempe, AZ 85281-3005 NASA Contract NN15CA32

12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
Final Report

U.S. Department of Transportation
Federal Aviation Administration
FAA New England Regional Office
1200 District Ave

Burlington, MA 01803

14. Sponsoring Agency Code
AIR-6A0

15. Supplementary Notes

The Federal Aviation Administration Aviation William J. Hughes Technical Center Research Division COR was Daniel Cordasco

and the NASA Glenn Research Center Contracting Officer Representative was Robert Goldberg
16. Abstract

One of the challenges in building a predictive numerical model for composites is the ability to model accurately the behavior of
the structure, especially under impact loading. This report describes a newly developed orthotropic material model that
has three distinct sub-models for deformation, damage, and failure of general composites. This model has been implemented in

the commercial finite element program—LS-DYNA—as *MAT_213 (*MAT_COMPOSITE_TABULATED_PLASTICITY
_DAMAGE). Tabulated data can be generated for this model using laboratory tests or via virtual testing. The yield function is a
modified form of the Tsai-Wu failure model. A non-associated plastic flow is used. Rate and temperature dependence are
supported along with tension-compression asymmetric behavior. The damage sub-model enables uncoupled and coupled
parameters to be defined. Strain equivalence between the true and the effective stress space permits decoupling of the plasticity
and damage calculations. The failure modeling is currently being enhanced, however, the initial version in this report describes
some of the most commonly used failure criteria, including principal strain, Tsai-Wu, and a generalized tabulated laminate failure
criterion. Part 1 describes the experimental procedures and results from characterizing a widely used aerospace composite—T800-
F3900. Part 2 discusses the theory, implementation, verification, and validation of the MAT213 material model using the T800-
F3900 composite as a test case. Verification tests are carried out using single and multiple element models. Validation tests are
carried out using data from impact tests carried out at NASA-GRC, which involve T800-F3900 composite panels. Part 3 discusses
the probabilistic modeling implementation in LS-DYNA to support MAT213 (via *DEFINE_STOCHASTIC_VARIATION_MAT213)
and compares the results from deterministic and probabilistic modeling of impact events.

17. Key Words 18. Distribution Statement
) o ) o ) This document is available to the U.S. public through the

Orthotropic plasticity, material characterization testing, National Technical Information Service (NTIS), Springfield,
damage, failure, cohesive zone modeling, explicit finite Virginia 22161. This document is also available from the Federal
element analysis, probabilistic modeling, impact simulations. Aviation Administration William J. Hughes Technical Center at
Composite failure, LSDYNA, MAT213, Tabulated material actlibrary.tc.faa.gov.
model.
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price

Unclassified Unclassified

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized



TABLE OF CONTENTS

1 OVERVIEW ..t e e e e enenns 1
2 INPUT FOR MAT213 MATERIAL MODEL AND REQUIRED MATERIAL
CHARACTERIZATION TESTS ... 2
2.1  SAMPLE PREPARATION ... 2
2.2 TEST MACHINES, FIXTURES, EQUIPMENT, AND SOFTWARE ................... 6
2.3  TYPICAL TEST PROCEDURE ........ootciiiiiiiiiiii e 10
2.4 POST-PROCESSING OF TEST DATA ... 11
3 QS-RT TEST DETAILS AND RESULTS ... 14
3.1 TEST T1: IN-PLANE 0° TENSION TEST ....iiiiiieiiieciie et 14
3.2  TEST T2: IN-PLANE 900 TENSION TEST ...ccuviiiiieiiieeiieesiieesiie e 18
3.3 TEST T3: OUT-OF-PLANE TENSION TEST ..ot 23
3.4  TEST T4: IN-PLANE 0° COMPRESSION TEST ...ooiiiiiiiieiieerieesiee e 28
3.5  TEST T5: IN-PLANE 90° COMPRESSION TEST ...coooiiiiieiieeiie e 31
3.6 TEST T6: OUT-OF-PLANE COMPRESSION TEST ..ottt 35
3.7 TESTT7: SHEAR TEST IN THE 1-2 PLANE........ccoiiiiii e 39
3.8 TEST T8: SHEAR TEST IN THE 2-3 PLANE........ccoiiiiiie 44
3.9 TEST T9: SHEAR TEST IN THE 1-3 PLANE........cciiiiii e 48
3.10 TEST T10: 45° OFF-AXIS TENSION TEST IN THE 1-2 PLANE .........c...oo... 52
3.11 T11 TEST: 45° OFF-AXIS COMPRESSION TEST IN THE 2-3 PLANE .......... 55
3.12 TEST T12: OFF-AXIS COMPRESSION TEST 45° IN THE 1-3 PLANE ......... 59
3.13 TEST T13: MASS DENSITY TEST ... 63
3.14 TEST T14: VOLUME FRACTION TEST ...coviiiiiiiiiiiiiiiiiii e 66
4 DAMAGE CHARACTERIZATION TEST DETAILS AND RESULTS ........ccevveee. 69
4.1  BACKGROUND ....oottiiiiiii ittt 69
4.2 EXPERIMENTAL METHODS ... 72
42.1 UNCOUPLED EXPERIMENTS......coiiiiiecee e 72
4.2.2 COUPLED EXPERIMENTS ... . 74
4.2.3 COMPUTING ELASTIC MODULUS ........ciiiiiiiiiiiiece 76
4.3 EXPERIMENTAL RESULTS ....ooiiii e 80
431 UNCOUPLED 2-DIRECTION TENSION.......cooiiiiiiiiiiiiccei 80
4.3.2 UNCOUPLED 1-2 PLANE SHEAR ....ooiiiiie e 81
4.3.3 UNCOUPLED 2-DIRECTION COMPRESSION.........ccoiiiiiiiiiiiiiii, 86
4.3.4  COUPLED 2-DIRECTION COMPRESSION 2-DIRECTION TENSION ... 90
4.3.5 COUPLED 2-DIRECTION COMPRESSION 2-1 PLANE SHEAR............ 94
4.3.6 REMAINING DAMAGE CHARACTERIZATION EXPERIMENTS........... 104
S5 CONCLUDING REMARKS ... 105
6 REFERENCES.. ... . et 106
APPENDIX A—ANALYSIS OF DIC-OBTAINED STRAIN FIELD ........cccovvviiiiiiiie, 112



LIST OF FIGURES

Figure 1-1. Principal material directions

Figure 2.1-1.
Figure 2.1-2.
Figure 2.1-3.
Figure 2.2-1.
Figure 2.2-2.
Figure 3.1-1.
Figure 3.1-2.
Figure 3.1-3.
Figure 3.1-4.
Figure 3.2-1(a). Typical specimen geometry and layout (dimensions in mm)

Optical microscopy images of finished edges
Double lap shear test specimen

Close up of a typical speckled surface
Experimental equipment

Typical strain gage section

Typical specimen geometry and layout
1-direction tension specimens prior to testing
1-direction tension specimens after testing
1-direction tension stress-strain curves

Figure 3.2-1(b). Modified specimen geometry and layout

Figure 3.2-2.
Figure 3.2-3.
Figure 3.2-4.
Figure 3.2-5.
Figure 3.2-6.
Figure 3.2-7.
Figure 3.3-1.
Figure 3.3-2.
Figure 3.3-3.
Figure 3.3-4.
Figure 3.3-5.
Figure 3.3-6.
Figure 3.4-1.
Figure 3.4-2.
Figure 3.4-3.
Figure 3.5-1.
Figure 3.5-2.
Figure 3.5-3.
Figure 3.6-1.
Figure 3.6-2.
Figure 3.6-3.
Figure 3.6-4.
Figure 3.7-1.
Figure 3.7-2.
Figure 3.7-3.
Figure 3.7-4.
Figure 3.7-5.
Figure 3.7-6.
Figure 3.8-1.
Figure 3.8-2.
Figure 3.8-3.
Figure 3.8-4.

2-direction tension specimens prior to testing
2-direction tension specimens after testing
Transverse strain plot

Longitudinal strain plot

Determination of Poisson’s ratio

2-direction tension stress-strain curves

Typical specimen geometry and layout
Fiberglass tab layup geometry

3-direction tension test experimental setup
3-direction tension specimens prior to testing
3-direction tension specimens after testing
3-direction tension stress-strain curves

Typical specimen geometry and layout
1-direction compression specimens after testing
1-direction compression stress-strain curves
Typical specimen geometry and layout
2-direction compression specimens after testing
2-direction compression stress-strain curves
Typical specimen geometry and layout
3-direction compression specimens prior to testing
3-direction compression specimens after testing
3-direction compression stress-strain curves
Typical specimen geometry

ASTM definition of shear failure

ASTM acceptable failure modes

1-2 plane shear specimens prior to testing

1-2 plane shear specimens after testing

1-2 plane shear stress-tensorial strain curves
Typical specimen geometry and layout

2-3 plane shear specimens prior to testing

2-3 plane shear specimens after testing

2-3 plane shear stress-tensorial strain curves



Figure 3.9-1. Typical specimen geometry and layout

Figure 3.9-2. 1-3 plane shear specimens prior to testing

Figure 3.9-3. 1-3 plane shear specimens after testing

Figure 3.9-4. 1-3 plane shear stress-tensorial strain curves

Figure 3.10-1. Specimen geometry and layout

Figure 3.10-2. 1-2 plane 45° off-axis tension specimens prior to testing

Figure 3.10-3. 1-2 plane 45° off-axis tension specimens after testing

Figure 3.10-4. 1-2 plane 45° off-axis tension stress-strain curves

Figure 3.11-1. Specimen geometry and layout

Figure 3.11-2. 2-3 plane 45° off-axis compression test specimens prior to testing
Figure 3.11-3. 2-3 plane 45° off-axis compression test specimens after testing
Figure 3.11-4. 2-3 plane 45° off-axis compression stress-strain curves

Figure 3.12-1. Specimen geometry and layout

Figure 3.12-2. 1-3 plane 45° off-axis compression test specimens prior to testing
Figure 3.12-3. 1-3 plane 45° off-axis compression test specimens after testing
Figure 3.12-4. 1-3 plane 45° off-axis compression stress-strain curves

Figure 3.13-1. Specific gravity test

Figure 3.14-1. ImageJ volume fraction analysis 16-Ply analysis zone

Figure 3.14-2. ImageJ volume fraction analysis original and processed images
Figure 4.2-1. Loading-unloading steps

Figure 4.2-2. Uncoupled 2-direction tension test specimen

Figure 4.2-3. Uncoupled 2-direction compression test specimen

Figure 4.2-4. Uncoupled 1-2 plane shear test specimen

Figure 4.2-5. Loading-unloading steps

Figure 4.2-6. Specimen dimensions for coupled normal-normal tests

Figure 4.2-7. Specimen dimensions for coupled normal-shear tests

Figure 4.2-8. Standard cycle for the coupled test

Figure 4.2-9. Individual load and unload paths the tension cycle

Figure 4.3-1. Uncoupled 2-direction tension test

Figure 4.3-2. (a) 1-2 shear specimen (b) 2-1 shear specimen

Figure 4.3-3. Uncoupled 1-2 plane shear experimental curves

Figure 4.3-4. Uncoupled 1-2 plane shear damage curves

Figure 4.3-5. Damage vs. total strain

Figure 4.3-6. Uncoupled 1-2 plane shear specimens after failure

Figure 4.3-7. Uncoupled 2-direction compression experimental curves

Figure 4.3-8. Uncoupled 2-direction compression damage curves

Figure 4.3-9. Uncoupled 2-direction compression specimens after failure
Figure 4.3-10. Experimental stress-strain curves

Figure 4.3-11. Coupled 2-direction compression 2-direction tension damage curves
Figure 4.3-12. Coupled 2-direction compression 2-direction tension specimens
Figure 4.3-13. Specimen dimensions for coupled 2-direction 2-1 plane shear tests
Figure 4.3-14. Investigative 2-direction compression test using 2-1 plane shear
Figure 4.3-15. Coupled 2-direction compression 2-1 plane shear

Figure 4.3-16. Strain field of C2-S21 coupled

Figure 4.3-17. Strain comparison of the C2-S21 investigative compression test
Figure 4.3-18. 1-2 shear specimen and 2-1 shear specimen

48
49
50
51
52
53
53
54
55
56
57
58
59
60
61
62
63
66
67
73
73
74
74
75
75
76
77
78
80
81
81
83
84
85
86
87
89
90
91
93
94
95
96
97
98
99



Figure 4.3-19. 1-2 and 2-1 plane shear stress-strain 99

Figure 4.3-20. Coupled 2-direction compression 1-2 plane shear 101
Figure 4.3-21. Coupled 2-direction compression 1-2 plane shear damage curves 102
Figure 4.3-22. Coupled 2-direction compression 2-direction tension specimens 103
Figure 4.3-23. Specimen geometry 104
Figure A.1-1. TF16-5 strain fields 114

Vi



LIST OF TABLES

Table 1-1. T800/F3900 Manufacturer Reported Material Properties

Table 2-1. Summary of Test Suite

Table 2-2. Panels Used for Tests

Table 2.1-1. Waterjet Specifications

Table 2.1-2. 80-Grit (US Std) Specifications

Table 2.1-3. Grinding Wheel Specifications

Table 2.1-4. 46 Grit (Grinding Wheel) Specifications

Table 2.1-5. Adhesive Strength Study Results

Table 2.4-1. Descriptions of the Parameters Used in this Report

Table 3.1-1. 1-Direction Tension Test Specimen Dimensions

Table 3.1-2. Summary of 1-Direction Tension Test Results

Table 3.2-1. 2-Direction Tension Test Specimen Dimensions

Table 3.2-2. Summary of 2-Direction Tension Test Results

Table 3.3-1. 3-Direction Tension Test Specimen Dimensions

Table 3.3-2. Summary of 3-Direction Tension Test Results

Table 3.4-1. 1-Direction Compression Test Specimen Dimensions

Table 3.4-2. Summary of 1-Direction Compression Test Results

Table 3.5-1. 1-Direction Compression Test Specimen Dimensions

Table 3.5-2. Summary of 2-Direction Compression Test Results

Table 3.6-1. 3-Direction Compression Test Specimen Dimensions

Table 3.6-2. Summary of the 3-Direction Compression Test Results

Table 3.7-1. 1-2 Plane Shear Test Specimen Dimensions

Table 3.7-2. Summary of the 1-2 Plane Shear Test Results

Table 3.8-1. 2-3 Plane Shear Test Specimen Dimensions

Table 3.8-2. Summary of the 2-3 Plane Shear Test Results

Table 3.9-1. 2-3 Plane Shear Test Specimen Dimensions

Table 3.9-2. Summary of 1-3 Plane Shear Test Results

Table 3.10-1. 1-2 Plane 45" Off-Axis Tension Test Specimen Dimensions
Table 3.10-2. Summary of 1-2 Plane 45° Off-Axis Tension Test Results
Table 3.11-1. 2-3 Plane 45° Off-Axis Compression Test Specimen Dimensions
Table 3.11-2. Summary of 2-3 Plane 45" Off-Axis Compression Test Results
Table 3.12-1. 1-3 Plane 45° Off-Axis Compression Test Specimen Dimensions
Table 3.12-2. Summary of 1-3 Plane 45° Off-Axis Compression Test Results
Table 3.13-1. Specific Gravity

Table 3.13-2. Specific Gravity Summary and Statistics

Table 3.14-1. Volume Fraction Results 16-Ply, 200x

Table 3.14-2. Volume Fraction Results 16-Ply, 400x

Table 3.14-3. Volume Fraction Results 16-Ply, 500x

Table 4.1-1. Uncoupled Normal and Shear Damage Parameters

Table 4.1-2. Coupled Normal-Normal Damage Parameters

Table 4.1-3. Coupled Normal-Shear Damage Parameters

Table 4.1-4. Coupled Shear-Normal Damage Parameters

Table 4.1-5. Damaged Modulus and Plastic Strain (normal stress-strain relationship)
Table 4.1.6. Damaged Modulus and Plastic Strain (shear stress-strain relationship)

vii



Table 4.2-1. Summary of Tension Moduli 79

Table 4.3-1. Uncoupled 1-2 Plane Shear Summary of Results 82
Table 4.3-2. Uncoupled 2-direction Compression Damage Parameters 88
Table 4.3-3. Coupled 2-direction Compression 2-direction Tension Damage 92
Table 4.3-4. Remaining Damage Characterization Experiments 104
Table A.1-1. Summary of the Maximum Strains for Each Test at Peak Stress 115

viii



ASU
FAA
GRC
GMU
NASA

LIST OF ACRONYMS

Arizona State University

Federal Aviation Administration

Glenn Research Center

George Mason University

National Aeronautics and Space Administration



EXECUTIVE SUMMARY

It is a challenge to build a predictive numerical model for composites that accurately
models the behavior of the structure, especially under impact loading. This report
describes a new orthotropic material model with three distinct sub-models for
deformation, damage, and failure of general composites. This model was implemented
in the commercial finite element program,—LS-DYNA—as *MAT_213
(*MAT_COMPOSITE_TABULATED_PLASTICITY _DAMAGE). You can generate
tabulated data for this model using laboratory tests or virtual testing. The yield function
is a modified form of the Tsai-Wu failure model with a non-associated plastic flow. Rate
and temperature dependence are supported along with tension-compression
asymmetric behavior. The damage sub-model enables the definition of uncoupled and
coupled parameters. Strain equivalence between the true and the effective stress space
enables decoupling of the plasticity and damage calculations. Failure modeling is
currently being enhanced. This report describes the most commonly used failure criteria
in the initial version of the model, including principal strain, Tsai-Wu, and a generalized
tabulated laminate failure criterion.

Part 1 describes the experimental procedures and results from characterizing a widely
used aerospace composite—T800-F3900. Part 2 describes the theory, implementation,
verification, and validation of the MAT213 material model using the T800-F3900
composite as a test case. Verification tests use one or more element models. Validation
tests use data from impact tests at NASA-GRC with T800-F3900 composite panels.
Part 3 describes the probabilistic modeling implementation in LS-DYNA to support
MAT213 (via *DEFINE_STOCHASTIC_VARIATION_MAT213). It compares the results
from deterministic and probabilistic modeling of impact events.



1 OVERVIEW

This document summarizes the test procedures for characterizing the quasi-static (QS),
room temperature (RT) behavior of T800-F3900 composite material manufactured by
Toray Composites, Seattle, WA. The overall objective is to develop a framework for
creating MAT213 material input to use in the LS-DYNA program [1]. Details of the
MAT213 material model and its implementation are available publicly [2,3,4].

Figure 1-1. Principal material directions shown in the optical microscopy image with
unidirectional fibers oriented in the 1-direction

The T800-F3900 composite is a unidirectional carbon fiber/epoxy resin composite
system (figure 1-1). The material properties reported by Toray Composites shown in
table 1-1 are averages of multiple replicates.

Table 1-1. T800/F3900 Manufacturer Reported Material Properties

Characteristic Reported
Value
Resin Content Beginning (%) 34.8
Resin Content Ending (%) 35.4
Ultimate Tensile Strength (psi) 434 000
Tensile Modulus (psi) 22 000 000
Tensile Strain at Failure (in/in) 0.0177
Ultimate Compressive Strength 214 000
(psi)




2 INPUT FOR MAT213 MATERIAL MODEL AND REQUIRED MATERIAL

CHARACTERIZATION TESTS

Characterization of the composite behavior requires 12 stress-strain curves as
summarized in table 2-1. Three different panel types were used to create the test
specimens. The panels chosen to create the respective specimens are shown in table
2-1. The panel dimensions are shown in table 2-2.

Table 2-1. Summary of Test Suite

Test ID Description ASTM (Panel
Type)
T1 Tension 1-direction D3039 (PT1)
T2 Tension 2-direction D3039 (PT1)
T3 Tension 3-direction D7291 (PT3)
T4 Compression 1-direction D3410 (PT1)
T5 Compression 2-direction D3410 (PT1)
T6 Compression 3-direction D7291 (PT3)
T7 Shear 1-2 plane D5379/M-12 (PT2)
T8 Shear 2-3 plane D5379/M-12 (PT3)
T9 Shear 1-3 plane D5379/M-12 (PT3)
T10 Off-axis tension (45°, 1-2 plane) D3039 (PT1)
T11 Off-axis compression (45°, 2-3 D3039 (PT3)
plane)
T12 Off-axis compression (45°, 1-3 D3039 (PT3)
plane)
T13 Density D791 (PT1, PT2,
PT3)

Table 2-2. Panels Used for Tests

Panel Nominal Nominal
Type | Dimensions Thickness,
(length x mm (# of
width) plies)
PT1 12" x 24 3.1(16)
PT2 12" x 12 4.7 (24)
PT3 12" x 12 18.4 (96)

2.1 SAMPLE PREPARATION

Waterjet is used to cut the samples. The waterjet specifications for the three different
panel thicknesses (16, 24, and 96-ply) are shown in table 2.1-1. Specifications of the
abrasive used in the waterjet are shown in table 2.1-2. When necessary, the waterjet
cut edges are ground using a grinding wheel matching the specifications shown in table
2.1-3. Particle size statistics of the abrasive used on the grinding wheel are shown in
table 2.1-4. Test samples were generated with planar cut edges and free of any visible

damage.




Table 2.1-1. Waterjet S

ecifications

16-ply 24-ply 96-ply
Samples Samples Samples
Approximate Thickness (in) 0.125 0.182 0.728
Abrasive Size (grit) 80 (US Std) 80 (US std) 80 (US Std)
Nozzle Diameter (in) 0.03 0.03 0.03
Minimum N((:;?)Ie Pressure 30000 30000 30000
Maximum I\Egzsle Pressure 45000 45000 45000
Cut Speed (in/min)
Quality 1 135.43 94.3 21.42
Quality 2 116.15 80.88 18.37
Quality 3 72.87 50.74 11.53
Quality 4 52.34 36.45 8.28
Quality 5 40.5 28.2 6.41
Table 2.1-2. 80-Grit (US Std) Specifications
Sieve Size Sieve Mesh
(US Std) Diameter (in) | % Retained
8 0.0937 0
12 0.0661 0
14 0.0555 0
16 0.0469 0
20 0.0331 0
30 0.0234 0
40 0.0165 0-5
50 0.0117 10-35
60 0.0098 20-40
80 0.007 20-50
120 0.0049 0-15
Pan - 0-3

Table 2.1-3. Grinding Wheel Specifications

Frequency of Rotation ~3500
(rpm)
Abrasive Grit (grit) 46 (US Std)
Tolerance (in) +0.005
Operation Manual




Table 2.1-4. 46 Grit (Grinding Wheel) Specifications

Minimum Particle Size

(in) 0.0095
Maximum Particle Size

(in) 0.022
Average Particle Size

(in) 0.014

Figure 2.1-1 shows images of a typical cut sample captured using an optical microscope
under various magnifications.

() (d)
Figure 2.1-1. Optical microscopy images of finished edges after grinding (a) 200x, (b)
400x, (c) 500x, (d) 1000x

When required, G10 fiberglass tabs! are used with the sample. The fiberglass tabs act
as compliant surfaces that prevent specimens from crushing when placed in the
hydraulic grips. They also act as stiffening elements when conducting shear tests. The
tabs are bonded to the specified specimen surfaces using a two-part epoxy adhesive.

3M DP460 Scotch Weld toughened two-part epoxy? bonds fiberglass tabs to the
specimens. The guidelines in ASTM D3528-96 were applied to the adhesive strength
study using a double lap shear test. The study determines the strength of the bond
between fiberglass and fiberglass. Figure 2.1-2 shows the specimen dimensions and
layout used in the experiments. The top and bottom hatched regions show where the
specimen was gripped with hydraulic grips. The hatched gage section region shows
where the shear strength study takes place.

1 G10, FR4 Laminate Sheets 36"x 48", Epoxyglas™; NEMA Grade FR4, Mil-I-24768/27, http://www.acculam.com/
2http://multimedia.3m.com/mws/media/661220/3mtm-scotch-weld-tm-epoxy-adhesive-dp460-ns-and-off-white. pdf

4
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Figure 2.1-2. Double lap shear test specimen (all dimensions in mm)

The average strength of the adhesive characterization study and average strength
reported by the manufacturer are shown in table 2.1-5.

Table 2.1-5. Adhesive Strength Study Results

Test Substrate | Maximum
Stress
(psi)
ASU G10
Fiberglass 3423
Aluminum 4500
3M Phenolic3 1400
PVC 500

Steps taken to fully prepare the specimens for testing follow. All specimens are
prepared similarly unless otherwise noted.

1. The regions on a typical specimen have bonded fiberglass tabs. The surfaces of
the fiberglass tabs are bonded to the specimen and lightly sanded using 120 grit
sandpaper. Sanding the surfaces ensures a complete bond between the

specimen and tabs.

2. The sanded surfaces are cleaned using cotton swabs soaked with isopropyl
alcohol. The surfaces are air dried until there is no visible moisture on the

bonding surfaces.

3 Substrate failure



3. The 3M epoxy is mixed according to the manufacturer’'s recommendation. A thin
layer of the mixed epoxy is applied to the prepared surface of the tabs using a
wooden applicator.

4. The tabs are then placed on the specimen and positioned until the surfaces of
the specimen and the tabs are in complete contact and aligned properly in the
desired region.

5. The specimens are cured at room temperature and atmospheric pressure for 24
hours.

6. The gage region of the specimen is painted and speckled. Speckling of the
specimen involves first spraying the surface of the specimen with a layer of white
paint with a flat finish. Paint is sprayed onto the surface until the specimen can
no longer be seen. The paint must dry completely at room temperature.

7. After the white paint dries, black paint with a flat finish is sprayed onto the dry
white paint. The black paint is sprayed in a random array of black dots deposited
on the white area of the specimen.

8. After being painted, the specimens are cured for another 24 hours as
recommended by the manufacturer. A close-up of a typical speckled surface is
shown in figure 2.1-3.

Figure 2.1-3. Close up of a typical speckled surface

2.2 TEST MACHINES, FIXTURES, EQUIPMENT, AND SOFTWARE

All experiments are performed using the same test frame and camera system. Post
processing of the experimental images is performed using the same software as
follows.

Test Frame: The experimental procedure is performed using an MTS 810 universal
testing frame (figure 2.2-1(a)). Flat tension specimens are held in the frame with MTS
647.10A hydraulic grips (figure 2.2-1(b)). The hydraulic grips are aligned by clamping a
rigid, flat steel plate and allowing the heads to freely rotate into position. After aligning
the hydraulic grips, the specimen is placed into the test frame. Verticality of the
specimen is ensured by using a laser alignment system (figure 2.2-1(c)). The specimen



is gripped up to the end of the fiberglass tabs. Shear specimens are held in the test
frame using a Wyoming Test Fixtures losipescu shear test fixture* as shown in figure
2.2-1(d). Compression cubes are bonded to custom fixtures (figure 2.2-1(e) and
machined out of A2 tool steel using Loctite liquid super glue®. Alignment of the
specimen is ensured using 0.2” deep square notches machined into the center of the
fixtures as shown in figure 2.2-1(f). Flat (in-plane) compression specimens were tested
using a Wyoming Test Fixtures combined loading compression fixture (CLC) as shown
in figure 2.2-1(g) and figure 2.2-1(h). The CLC fixture transfers load into the
compression specimens through both shear load transfer and end load transfer, which
lessens the need for excessive clamping forces.

Force data is gathered using an MTS 661.21A-03 load cell, last calibrated by an MTS
technician on October 16, 2015. All experiments are performed under displacement
control conditions. The displacement rate refers to the rate of displacement of the test
frame actuator. The rate is set using the MTS system controller.

4 http://www.wyomingtestfixtures.com/Products/al.html
5 http://www.loctiteproducts.com/p/4/2/sg_bottle/overview/Loctite-Super-Glue-Longneck-Bottle.htm
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Figure 2.2-1. Experimental equipment (a) Test frame, (b) Hydraulic grips, (c) Specimen
alignment, (d) losipescu shear test fixture, (e) Compression cube fixture, (f) Custom
fixture for compression tests, (g) CLC compression fixture (top), (h) CLC fixture front

showing C2 specimen, (i) two DIC cameras and high-speed camera, and (j) LED
lighting fixture

Digital Image Correlation (DIC) Equipment: Two Point Grey Grasshopper 3% cameras
are used to capture images of the specimen during the experiment as shown in figure
2.2-1(i). LED lamps properly illuminate the specimen during the experiment. The
cameras and lights are fixed to the same frame (figure 2.1-1(j). The frame is leveled
using a bubble level to ensure the field of view of the cameras is both horizontal and
vertical, respectively. A high-speed camera is used to capture the specimen state at the
moment of failure (figure 2.2-1(i)). Unless otherwise noted, images are captured at five
second intervals throughout the experiment using Vic-Snap 8 [5] to obtain the strain
field on the surface of the specimen.

Post Processing: The images captured during the experiment are processed to obtain a
full strain field using Vic-3D v7. The Lagrangian definition of strain is chosen to perform
the analysis. Functionality within the Vic-3D software is used to smooth the strain data
with a decay filter algorithm. For the initial processing, the entire speckled region of the
specimen is analyzed. After the analysis and smoothing, a smaller region with constant
strain is taken as the representative strain induced in the specimen during the
experiment. The region of interest is typically chosen so that the strain field is as
uniform in that region as possible. Typically, this region is away from the edges of the
specimen and away from areas of strain concentrations that may be present where the
specimens are gripped. In this report, the area or region from which the strain values

5 https://www.ptgrey.com/grasshopper3-gige-vision-cameras



are obtained and reported is referred to as the strain gage section (SGS). Sample
images are shown in figure 2.2-2.

(b)

© (d)
Figure 2.2-2. Typical strain gage section (a) Tension specimens, (b) Shear specimens,
(c) Compression specimens (cube), (d) Compression specimens (flat panel)

Measurement Instruments: Several instruments were used to obtain specimen
dimensions, specimen mass, and optical microscope images. Specimen dimensions
were measured using a Pittsburgh 4” Digital Caliper. The caliper has a resolution of
0.0005 in. All optical microscopy images were obtained using an Olympus MX50 optical
microscope.

2.3 TYPICAL TEST PROCEDURE

The procedure for conducting experiments is the same for each specimen unless
otherwise noted. For all experiments, prior to loading the specimen, the DIC system is
calibrated using Vic 3D v7. Calibration is done only when the cameras must be moved
or if new fixtures will cause the plane of the specimen to move away from where the
cameras were calibrated.
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2.4 POST-PROCESSING OF TEST DATA

After the experiments are completed, force data is obtained as a function of time from
the MTS controller, and strain data is obtained as a function of time from DIC analysis.
The stress in the specimen is taken as the average stress across the respective cross
section of the specimen. For tension and compression specimens, the cross section
perpendicular to the direction of loading is used to calculate the cross-sectional area.
The average stress is calculated using the following equation

O =

F
r (1)

where F is the normal force reported by the load cell at the current time-step, and A is
the cross -sectional area. For shear specimens, the surface between the notches,
through the thickness of the specimen, is used to calculate the cross-sectional area.
The average stress is calculated using the following equation

T:Z (2)

where V is the shear force reported by the load cell at the current time-step, and A is the
cross-sectional area.

The strain reported from Vic 3D v7 in the region of interest is used with the calculated
stress to generate a true stress-strain curve for any given specimen. After stress-strain
curves for several replicates are obtained, a model curve used as input for MAT 213 is
generated. The model curve is obtained in three steps. First, the average ultimate strain
is calculated by averaging the ultimate strain obtained from each specimen. Second, for
a given strain value, the average of the stress values from all the replicates is obtained.
Last, this process is continued until the average ultimate strain is reached for each
specimen either shortening or lengthening (via extrapolation) the individual stress-strain
curves to that point. Extrapolation of a curve is done by performing a linear regression
on the last five percent of the curve and using the resulting equation to extrapolate to
the end point.

In addition to the model curve used as input for MAT 213, several parameters are
obtained from the stress strain curves of each individual specimen to determine the
consistency of the data. Table 2.4-1 describes each parameter and how they are
obtained from the available data.

Table 2.4-1. Descriptions of the Parameters Used in this Report

Parameter Definition Method
Loading rate Constant rate at which the actuator on Chosen by the experimenter as a
the test frame is displaced. fixed parameter at the beginning of

11



the
as

procedure. The rate is prescribed
a displacement over a certain time
period.

Strain rate

The rate at which strain is induced in

the specimen during a given
experiment.

The strain measure of interest is
plotted as a function of time and the

experiment is obtained by performing
a linear regression. The slope of the
resulting best fit line is taken as the

average strain rate during the

average strain rate.

Modulus

The slope of the initial linear region of

the true stress-strain curve.

The analyst determines the region
that is most linear in the initial portion
of the curve and performs a linear
regression on the data. The slope of
the resulting best fit line is taken as

the modulus.

Poisson’s ratio

The negative ratio of transverse strain

to normal strain.

c

normal strain. The analyst determines
where the onset of plasticity occurs

performed on each zone separately

Both elastic and plastic Poisson’s
ratios may be obtained by plotting
transverse strain as a function of

from the stress-strain curve. The
orresponding normal strain point on
the transverse strain-normal strain
curve is used as the point that
separates the elastic and plastic
zones. A linear regression is

and the slope is taken as the
respective Poisson’s ratio.

Peak stress

Maximum stress achieved during a
given experiment.

Selected from stress data obtained
through scaling the force data
reported by the load cell.

Ultimate strain

Strain measured at peak stress.

Selected as the largest strain when
the specimen exhibits brittle failure
with no post-peak strength.

Failure strain

Strain measured when the specimen
fails.

Selected as the strain when there is a
large drop in stress and the specimen

no longer loads back up to that peak
stress point. Typically, this is when

the test is terminated and used when
the specimen does not exhibit brittle
failure.

Transverse strain

Strain induced in the specimen
perpendicular to the direction of loading
in tension and compression tests. In
shear tests, it is defined as strain
induced in the specimen parallel to the
movement of the actuator.

Obtained through DIC measurements.

Longitudinal strain

Strain induced in the specimen parallel
to the direction of loading in tension and
compression tests. In shear tests, it is
defined as strain induced in the
specimen perpendicular to the
movement of the actuator.

Obtained through DIC measurements.

12



Shear strain

Tensorial shear strain induced in the
principal plane being observed.

Obtained through DIC measurements.

13




3 QS-RT TEST DETAILS AND RESULTS

Details of each test are discussed in this section. Applicable ASTM standards are used.

Deviations from the standards for some tests are noted.

3.1 TEST T1:IN-PLANE 0° TENSION TEST

This test is used to generate the tension stress-strain curve in the 1-direction.

Specimen Geometry: ASTM D3039 standard is applicable for this test. Due to the high
strength in the 1-direction, the specimen thickness is reduced in the gage section to
obtain a full curve with failure. The specimen geometry (16-ply thick) and layout is
shown in figure 3.1-1. Shaded regions indicate where fiberglass tabs are bonded to the

specimen.

58.0

190.6

50.8

1

ER|
18

Figure 3.1-1. Typical specimen geometry and layout (a) plan view and (b) elevation view

The average specimen dimensions in the gage section are shown in table 3.1-1 for the

68.0

three tested replicates.

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.1-2. Figure 3.1-3 shows the specimens after testing. The specimens exhibited

Table 3.1-1. 1-Direction Tension Test Specimen Dimensions

(b)

(all dimensions in mm)

Res.g

Cross
Replicate Thickness Sectional
ID Width (in) (in) Area (in?)
TF16-5 0.5016 0.0633 0.0317
TF16-6 0.5023 0.0643 0.0323
TF16-7 0.5025 0.0648 0.0326

longitudinal cracks in the matrix between the fibers at failure.
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(©)
Figure 3.1-2. 1-direction tension specimens before testing (a) TF16-5, (b) TF16-6, (c)
TF16-7
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(c)
Figure 3.1-3. 1-direction tension specimens after testing
(@) TF16-5, (b) TF16-6, (c) TF16-7

Test Results: The summary of the results from the tests is shown in table 3.1-2.
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Table 3.1-2. Summary of 1-Direction Tension Test Results

Replicate Loading | Strain E1u Poisson’s | Ultimate | Peak
Rate Rate (psi) | Ratio (vi2) | Strain Stress
(in/min) 1 (psi)
S
23 384
TF16-5 0.03 4.27(10%) 440 0.321 0.01579 | 374323
23121
TF16-6 0.02 5.00(10%) 815 0.319 0.01583 | 361 434
23 867
TF16-7 0.03 4.90(10%) 357 0.311 0.01520 | 362453
23 457
Average - - 871 0.317 0.01560 | 366 070
Standard Deviation - - 378 156 0.005 0.00035 7 165
Coefficient of
Variation - - 1.6% 1.6% 2.3% 2.0%

Figure 3.1-4 shows the individual stress-strain curves for each of the specimens as well
as the model curve.

Tension 1-direction
450,000

—ASU - TF16-5
400,000 | —ASU-TF166
—ASU - TF16-7
—Model (average) v
350,000 /
300,000 /
7 250,000 /
2 /
Q
£ 200,000
) //
150,000 v
100,000 /
50,000 ,/
0

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018
Strain (in/in)

Figure 3.1-4. 1-direction tension stress-strain curves
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3.2 TEST T2: IN-PLANE 90° TENSION TEST

This test is used to generate the tension stress-strain curve in the 2-direction.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.2-1.
The specimen geometry shown in figure 3.2-1(a) is taken from ASTM D3039. The
alternative dog bone geometry (figure 3.2-1(b)) was created to try promoting failure in
the gage section of the test specimens. Shaded regions indicate where the fiberglass
tabs are bonded to the specimen.

190.5

56.0 il

127

Figure 3.2-1(a). Typical specimen geometry and layout (dimensions in mm)

152.4
1016

57.15

UL,

18.05
12.7

3
£
Figure 3.2-1(b). Modified specimen geometry and layout (dimensions in mm)

The average specimen dimensions in the gage section are shown in table 3.2-1 for the
four tested replicates.

Table 3.2-1. 2-Direction Tension Test Specimen Dimensions

Cross

Width | Thickness | Sectional

Replicate | (in) (in) Area (in?)
TFT2-3 0.4812 0.1227 0.0591
TFT2-4 0.4999 0.1231 0.0616
TFT2-5 0.4989 0.1231 0.0614
TFT2-6 0.5009 0.1214 0.0608

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.2-2. The specimens exhibited brittle failure of the matrix before the tests were
terminated and at the point of failure. Figure 3.2-3 shows the specimens after testing.

18
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(d)
Figure 3.2-2. 2-direction tension specimens before testing (a) TFT2-3, (b) TFT2-4,

(c) TFT2-5, (d) TFT2-6

(d)
Figure 3.2-3. 2-direction tension specimens after testing (a) TFT2-3, (b) TFT2-4,
(c) TFT2-5, (d) TFT2-6

Test Results: The summary of the results from the tests is shown in table 3.2-2.
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Table 3.2-2. Summary of 2-Direction Tension Test Results

Replicate | Geometry | Loading | Strain E22 Poisson’s | Ultimate | Peak
Rate Rate (psi) | Ratio (v21) | Strain Stress
(in/min) (1) (psi)
S
ASTM D3039 2.21(10 | 1055
TFT2-3 0.005 5) 484 0.0156 0.00590 6 360
Dog bone 9.71(10 1076
TFT2-4 0.0025 ) 171 0.0155 0.00652 6 647
Dog bone 1.92(10 1069
TFT2-5 0.005 5) 788 0.0185 0.00641 6 646
Dog bone 1.99(10 1082
TFT2-6 0.005 5) 595 0.0177 0.00606 6 356
Dog bone 1066
Average - - 413 0.0168 0.00622 6 502
Standard -
Deviation - - 14 087 0.0015 0.00029 167
Coefficient -
of Variation - - 1.3% 9.0% 4.6% 2.6%

Figures. 3.2-4 and 3.2-5 show the transverse strain and the longitudinal strain values
obtained as a function of time from the SGS.

/in)

c
=
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Transverse Stra

TFT2-6 Transverse Strain
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Figure 3.2-4. Transverse strain plot (specimen TFT2-6)
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TFT2-6 Longitudinal Strain
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Figure 3.2-5. Longitudinal strain plot (specimen TFT2-6)

The plots shown in figure 3.2-4 and 3.2-5 are combined to generate the plot shown in
figure 3.2-6.

TFT2-6 Poisson's Ratio Plot

Longitudinal Strain (in/in)

-0.00018 x :
o Strain Data PR=0.0177 *

-0.00016 || —Linear (Strain Data) |{g2 (6578 T,
< -0.00014 g see
S * e
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£ . * o > . |*
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. ¢ *
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-0.00002 e 4 e .
. * 4
0.00000 .

0.000  0.001  0.002 0003 0004 0005 0.006  0.007
Figure 3.2-6. Determination of Poisson’s ratio (v..) (specimen TFT2-6)

Figure 3.2-7 shows the individual stress-strain curves for each of the specimens as well
as the model curve.
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Tension 2-direction
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Figure 3.2-7. 2-direction tension stress-strain curves
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3.3 TEST T3: OUT-OF-PLANE TENSION TEST

This test is used to generate the tension stress-strain curve in the through thickness or
3-direction.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.3-1.
ASTM standard could not be followed when creating the specimens because the
specimen geometry is dictated by the thickness of the test panel. Only one principal
plane is considered when gathering strain data during any given test. However, both the
2-3 and 1-3 planes are considered during separate experiments to discern any
differences in experimental data that the speckled plane may yield. Shaded regions
indicate where the fiberglass tabs are bonded to the specimen.

9.5

9.5

3 3
1 . 0066 ,

18.3
18.3

! !

Figure 3.3-1. Typical specimen geometry and layout (dimensions in mm)

The average specimen dimensions in the gage section are shown in table 3.3-1 for the
three tested replicates.

Table 3.3-1. 3-Direction Tension Test Specimen Dimensions

Cross

Thickness | Sectional

Replicate | Width (in) (in) Area (in?)
TFT3-9 0.3707 0.0610 0.0226
TFT3-10 0.3707 0.0595 0.0221
TFT3-13 0.3707 0.0573 0.0213

Specimen Preparation: The maximum length of the specimen is dictated by the
thickness of the 96-ply panel. Sufficiently long specimens are needed to properly secure
the specimen in the hydraulic grips. Three layers of fiberglass tabs were used to create
a pocket where the specimen could be inserted. The fiberglass layers were bonded
together using Loctite liquid super glue. A notch with the same width and thickness as
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the specimen was cut out of the middle layer of the fiberglass layup. Figure 3.3-2 shows
the rendering of the fiberglass tabbing system. Approximately one-third of either end of
the specimen is then placed inside the pocket and is bonded to the fiberglass tabs using
3M DP460 Scotch Weld toughened two-part epoxy.

254 254

38.1

38.1

T S R

" oy |
© A - %
0 - f SRRt ks 7’\’/

e R £ e

Y 96 |79 B /)X

(a) (b) (©)
Figure 3.3-2. Fiberglass tab layup geometry (a) Outer layers, (b) Center layer, (c)
Overall layup (dimensions in mm)

Experimental Setup: The experimental procedure is performed using an MTS 810
universal testing frame (figure 2.2-1(a)). The specimens are held in the frame with MTS
647.10A hydraulic grips (figure 2.2-1(b)). Only the fiberglass tab layup is held by the
hydraulic grips. The region of the specimens bonded to the tabs is kept outside of the
grips to minimize stress concentrations. Figure 3.3-3 shows the experimental setup.

Figure 3.3-3. 3-direction tension test experimental setup
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Specimen Photographs: The specimen photographs before the tests are shown in figure
3.3-4. The specimens exhibited brittle failure of the matrix before the tests were
terminated and at failure. Figure 3.3-5 shows the specimens after testing.

Figure 3.3-4. 3-direction tension specimens prior to testing (a) TFT3-9, (b) TFT3-10, (c)
TFT3-13
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Figure 3.3-5. 3-direction tension specimens after testing (a) TFT3-9, (b) TFT3-10, (c)
TFT3-13

Test Results: The summary of the results from the tests is shown in table 3.3-2.
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Table 3.3-2. Summary of 3-Direction Tension Test Results

Replicate Strain
. Rate . , . ,
Loading 1 Poisson’s | Poisson’s Peak
Rate (_] Ratio Ratio Ultimate | Stress
(in/min) S Ess (psi) (vs31) (v32) Strain (psi)
3.3(10)
TFT3-9 0.001 5 1 022 475 0.026 - 0.00472 4 469
4.2(10)
TFT3-10 0.001 5 915 837 0.027 - 0.00397 3624
4.0(10)
TFT3-13 0.001 5 961 202 - 0.439 0.00395 3838
Average 966 505 0.027 0.439 0.00421 3977
Standard Deviation | | 43696 0.001 ] 0.00036 | 359
Coefficient of
Variation 4.5% 1.9% 0.00% 8.5% 9.0%

Figure 3.3-6 shows the individual stress-strain curves for each of the specimens as well
as the model curve.

Tension 3-direction

6000
TFT3-9
—TFT3-10
5000 TFT3-13
—Model curve (average)
4000
TE
2
@ 3000
<
&
2000
1000

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
Strain (in/in)

Figure 3.3-6. 3-direction tension stress-strain curves
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3.4 TEST T4: IN-PLANE 0° COMPRESSION TEST

This test is used to generate the compressive stress-strain curve in the 1-direction.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.4-1.
The geometry follows guidelines set by ASTM D3410. The shaded regions indicate

where fiberglass tabs are placed.

139.7

19.05

y

r=.,

The average specimen dimensions in the gage section are shown in table 3.4-1 for the

three tested replicates.

Specimen Photographs: The specimens exhibited failure across the fibers near the

Table 3.4-1. 1-Direction Compression Test Specimen Dimensions

Figure 3.4-1. Typical specimen geometry and layout (dimensions in mm)

Cross

Thickness Sectional

Replicate | Width (in) (in) Area (in?)
TFC1-9 0.7525 0.1238 0.0932
TFC1-11 0.7516 0.1219 0.0916
TFC1-12 0.7522 0.1227 0.0923

gripping region. Failed specimens are shown in figure 3.4-2.
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(©)

Figure 3.4-2. 1-direction compression specimens after testing (a) TFC1-9, (b) TFC1-11,
(c) TFC1-12

Test Results: The summary of the results from the tests is shown in table 3.4-2.

Table 3.4-2. Summary of 1-Direction Compression Test Results

Replicate Loading | Strain Ei1 (psi) | Poisson’s | Ultimate Peak
Rate Rate Ratio Strain Stress
(in/min) 1 (Vi2) (psi)
S
1.65(10°
TFC1-9 0.01 5 17 533 691 0.417 0.00622 109 736
1.69(10
TFC1-11 0.01 5 19 793 053 0.414 0.00509 100 997
1.99(10
TFC1-12 0.01 5) 18 283 466 0.376 0.00501 90 937
Average - - 18 536 737 0.402 0.00544 100 557
Standard Deviation - - 939 606 0.018 0.00055 7 681
Coefficient of
Variation - - 5.07% 4.58% 10.12% 7.64%

Figure 3.4-3 shows the individual stress-strain curves for each of the specimens as well

as the model curve.
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Stress (psi)

Compression 1-direction

120 000
TFC1-9
—TFC1-11
100 000 —TFC1-12 /
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60000
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20000

0
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Strain (in/in)

Figure 3.4-3. 1-direction compression stress-strain curves
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3.5 TEST T5: IN-PLANE 90° COMPRESSION TEST

This test is used to generate the compressive stress-strain curve in the 2-direction.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.5-1.
The geometry shown follows guidelines set by ASTM D3410. The shaded regions
indicate where fiberglass tabs are bonded to the specimen.

254

il

139.7

Figure 3.5-1. Typical specimen geometry and layout (all dimensions in mm)

The average specimen dimensions in the gage section are shown in table 3.5-1 for the
three tested replicates.

Table 3.5-1. 1-Direction Compression Test Specimen Dimensions
Cross
Thickness Sectional
Replicate | Width (in) (in) Area (in?)
TFC2-12 1.0022 0.1218 0.1221
TFC2-13 1.0026 0.1228 0.1231
TFC2-14 1.0028 0.1238 0.1241
TFC2-15 1.0022 0.1231 0.1234
TFC2-16 1.0030 0.1224 0.1228

Specimen Photographs: The specimens exhibited brittle failure of the matrix before the
tests were terminated. Figure 3.5-2 shows the specimens after testing.

31



(a)

32



(e)

Figure 3.5-2. 2-direction compression specimens after testing (a) TFC2-12, (b) TFC2-
13, (c) TFC2-14, (d) TFC2-15, and (e) TFC2-16

Table 3.5-2. Summary of 2-Direction Compression Test Results

Replicate Loading | Strain | E22 (psi) | Poisson’s | Ultimate Peak
Rate Rate Ratio Strain Stress
(in/min) 1 (v21) (psi)
S
1.88(10
TFC2-12 0.005 5) 1191 648 0.0235 0.02786 24 857
4.69(10°
TFC2-13 0.01 5) 1273 405 0.0148 0.02810 24778
4.13(10°
TFC2-14 0.01 5) 1123480 0.0311 0.02687 24 001
2.64(10°
TFC2-15 0.005 5) 1195 899 0.0356 0.02817 24 614
2.88(10°
TFC2-16 0.005 5) 1220 798 0.0372 0.02948 25 393
Average - - 1201 046 0.0284 0.02810 24728
Standard Deviation - - 48 492 0.0083 0.00084 448
Coefficient of
Variation - - 4.04% 29.21% 2.97% 1.81%
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Figure 3.5-3 shows the individual stress-strain curves for each of the specimens as well
as the model curve.

Compression 2-direction

30000 ‘
TFC2-12

TFC2-13
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Stress (psi)

/

10000 /
/

5000

0
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Strain (in/in)

Figure 3.5-3. 2-direction compression stress-strain curves
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3.6 TEST T6: OUT-OF-PLANE COMPRESSION TEST

This test is used to generate the compressive stress-strain curve in the through
thickness or 3-direction.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.6-1.
The geometry shown is a modified version of the geometry set forth by ASTM D7291. A
cube was used in place of a cylindrical specimen for ease of machining and sample
preparation. The dimensions of the cube are less than the dimensions of the cylinder
due to the thickness of the available panel. The thickness of the panel determined the
other two dimensions, so all three dimensions are the same. ASTM D7291 sets
guidelines for through thickness tensile properties. This ASTM document was used
because there is no standard available that sets guidelines for obtaining through
thickness and compressive properties of fiber reinforced composites. Only one principal
plane is considered when gathering strain data during any given test. However, both the
2-3 and 1-3 planes are evaluated during separate experiments for differences in
experimental data of the speckled plane.

@2 @2

18.3
18.3

- 183 . 183

(a) (b)
Figure 3.6-1. Typical specimen geometry and layout (a) 1-3 plane speckled and (b) 2-3
plane speckled (all dimensions in mm)

The average specimen dimensions in the gage section are shown in table 3.6-1 for the
four tested replicates.

Table 3.6-1. 3-Direction Compression Test Specimen Dimensions

Cross

Width Thickness Sectional

Replicate (in) (in) Area (in?)
TFC3-2 0.7853 0.7857 0.6170
TFC3-5 0.7826 0.7825 0.6124
TFC3-8 0.7888 0.7822 0.6170
TFC3-9 0.7815 0.7809 0.6103
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Specimen Photographs: The specimen photographs before the tests are shown in figure
3.6-2. The specimens exhibited brittle failure of the matrix in the 2-3 plane before the
tests were terminated. Figure 3.6-3 shows the specimens after testing. Each set of
photos includes an image of the front, left, and right side of the respective specimen.
The front of the specimen is defined as the surface that was speckled.

(a)
. DT 00 | e -;
(c)

(d)

Figure 3.6-2. 3-direction compression specimens prior to testing (a) TFC3-5, (b) TFC3-
6, (c) TFC3-8, (d) TFC3-9



(d)
Figure 3.6-3. 3-direction compression specimens after testing (a) TFC3-5, (b) TFC3-6,
(c) TFC3-8, (d) TFC3-9

Test Results: The summary of the results from the tests is shown in table 3.2-2.
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Table 3.6-2. Summary of the 3-Direction Compression Test Results

Poiss | Poiss
Speck | Loading | Strain on’s on’s Ultim Peak
Replica | led Rate Rate Ratio | Ratio ate Stress
te Plane | (in/min) (1/s) Ess (psi) (vs1) (v32) | Strain (psi)
TFC3-5 1-3 0.01 1.09E-05 | 1157 898 0.038 - 0.02571 | 25441
TFC3-6 1-3 0.01 1.07E-04 | 1073002 0.027 - 0.02612 | 24665
TFC3-8 2-3 0.01 4.80E-06 893 155 - 0.699 | 0.03044 | 22168
TFC3-9 2-3 0.01 1.20E-04 | 1030 705 - 0.653 | 0.03196 | 26861
Average - - - 1038 690 0.032 0.676 | 0.02856 | 24 784
Standard
Deviation - - - 110 502 0.006 0.033 | 0.00312 1967
Coefficie
nt of
Variation - - - 10.6% 17.1% 4.9% 10.9% 7.9%

Figure 3.6-4 shows the individual stress-strain curves for each of the specimens as well
as the model curve.
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Figure 3.6-4. 3-direction compression stress-strain curves
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3.7 TESTT7:SHEAR TEST IN THE 1-2 PLANE

This test is used to generate the shear stress-strain curve in the 1-2 plane.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.7-1.
The geometry shown meets guidelines set by ASTM D5379/D5379M-12. Shaded
regions indicate where fiberglass tabs are bonded to the specimen.

‘6.8

19.1

Figure 3.7-1. Typical specimen geometry

Two changes with respect to the ASTM standards should be noted. First, the notches
shown in figure 3.7-1 are deeper. Second, the fiberglass tabs terminate closer to the
center of the specimen. Both modifications were made to reduce transverse strains and
promoting shear failure between the notches.

The average specimen dimensions in the gage section are shown in table 3.7-1 for the
three tested replicates. The ligament height is defined as the distance between the

notches.
Table 3.7-1. 1-2 Plane Shear Test Specimen Dimensions
Ligament Cross
Height Thickness Sectional
Replicate (in) (in) Area (in?)
TFS12-8 0.2658 0.1823 0.0484
TFS12-9 0.2668 0.1803 0.0481
TFS12-10 0.2618 0.1805 0.0472
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[0]n or [30]n Specimens
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DISPLACEMENT

Figure 3.7-2. ASTM definition of shear failure’

Figure 3.7-3 shows the modes of failure deemed acceptable by the ASTM standard

Typical Acceptable Fadure Modes

0/90 Specrmen N

Umi Specimen —/
Giyn Gyz. Gyy. o Gy :,’,/_—
T

A
Mhv)GN HGN
Uni Specimen SMC Specimen N -
G Gy of Gy —
A
VGN

AGN
Figure 3.7-3. ASTM acceptable failure modes’

Specimen Photographs: The specimen photographs before the tests are shown in figure

3.7-4. The specimens exhibited HGN failure as shown in figure 3.7-3. Figure 3.7-5
shows the specimens after testing.

7 ASTM D 5379/D5379M-12 Committee (2013). Test Method for Shear Properties of Composite Materials
by the V-Notched Beam Method, ASTM International, West Conshohocken, PA.
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Figure 3.7-4. 1-2 plane shear specimens prior to testing (a) TFS12-8, (b) TFS12-9,
(c) TFS12-10
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Figure 3.7-5. 1-2 plane shear specimens after testing® (a) TFS12-8, (b) TFS12-9,
(c) TFS12-10

Test Results: The summary of the results from the tests is shown in table 3.7-2. The
shear modulus reported in table 3.7-2 is in terms of engineering shear strain not
tensorial shear strain. It should be noted that MAT213 requires the stress-tensorial
strain curve input from the user and internally converts the curve into stress-engineering
strain before computing the shear modulus for use in the program.

8 Small pressure was applied to the tested specimen to show the cracks. Otherwise, the cracks are not visible in the photograph.
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Table 3.7-2. Summary of the 1-2 Plane Shear Test Results

Replicate Loading | Tensorial | Gai2 (psi) Failure Peak
Rate Strain Strain Stress

(in/min) Rate (Tensorial) (psi)

%)

TFS12-8 0.02 0.00065 621 242 0.12946 18 588
TFS12-9 0.02 0.0007 576 658 0.13438 18 547
TFS12-10 0.02 0.00075 540 568 0.13817 18 875
Average - - 579 489 0.13400 18 670

Standard Deviation - - 40411 0.00437 179
Coefficient of
Variation - - 7.0% 3.3% 1.0%

Figure 3.7-6 shows the individual stress-strain curves for each of the specimens as well
as the model curve.

Shear 1-2 plane
25000 I
ASU-TFS12-8
ASU-TFS12-9
ASUTFS12-10
20000 =—Model (average)
8 15000
a
<
b
]
2 10000
wv
5000
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Tensorial Shear Strain (rad)

Figure 3.7-6. 1-2 plane shear stress-tensorial strain curves
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3.8 TEST T8: SHEAR TEST IN THE 2-3 PLANE

This test is used to generate the shear stress-strain curve in the 2-3 plane.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.8-1.
The geometry shown meets guidelines set by ASTM D5379/D5379M-12. Shaded
regions indicate where fiberglass tabs are bonded to the specimen.

18.3

90°
Figure 3.8-1. Typical specimen geometry and layout

The average specimen dimensions between the notches are shown in table 3.8-1 for
the three tested replicates. The ligament height is defined as the distance between the

notches.
Table 3.8-1. 2-3 Plane Shear Test Specimen Dimensions
Ligament Cross
Height Thickness Sectional
Replicate (in) (in) Area (in?)
TFS23-3 0.4945 0.1100 0.0544
TFS23-5 0.5113 0.1275 0.0652
TFS23-9 0.4605 0.1205 0.0555

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.8-2. The specimens exhibited HGN failure as shown in figure 3.7-3. Figure 3.8-3

shows the specimens after testing.
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Figure 3.8-2. 2-3 plane shear specimens prior to testing (a) TFS23-3, (b) TFS23-5,
(c) TFS23-9
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(©)
Figure 3.8-3. 2-3 plane shear specimens after testing (a) TFS23-3, (b) TFS23-5,
(c) TFS23-9

Test Results: The summary of the results from the tests is shown in table 3.8-2. The
shear modulus reported in table 3.8-2 is in terms of engineering shear strain not
tensorial shear strain. It should be noted that MAT213 requires stress-tensorial strain
curve input from the user and internally converts the curve into stress-engineering strain
before computing the shear modulus for use in the program.

Table 3.8-2. Summary of the 2-3 Plane Shear Test Results

Replicate Loadin | Tensorial G23 (psi) Ultimate Peak
g Rate | Strain Rate Strain Stress
(in/min) (%) (Tensorial) (psi)
TFS23-3 0.001 5.00(10%) 343 467 0.00428 2881
TFS23-5 0.001 4.50(10%) 340 488 0.00420 2 866
TFS23-9 0.001 5.00(10°%) 322 828 0.00435 2702
Average - - 335594 0.00428 2816
Standard Deviation - - 11156 0.00007 99
Coefficient of
Variation - - 3.3% 1.7% 3.5%

Figure 3.8-4 shows the individual stress-strain curves for each of the specimens as well
as the model curve.
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Figure 3.8-4. 2-3 plane shear stress-tensorial strain curves
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3.9 TEST T9: SHEAR TEST IN THE 1-3 PLANE

This test is used to generate the shear stress-strain curve in the 1-3 plane.
Specimen Geometry: The specimen dimensions and layout are shown in figure 3.9-1.

The geometry shown meets guidelines set by ASTM D5379/D5379M-12. Shaded
regions indicate where fiberglass tabs are bonded to the specimen.

76.2

j|

it

18.3

T T
[

90°
Figure 3.9-1. Typical specimen geometry and layout
The average specimen dimensions between the notches are shown in table 3.9-1 for
the four tested replicates. The ligament height is defined as the distance between the

notches.

Table 3.9-1. 2-3 Plane Shear Test Specimen Dimensions

Ligament Cross

Height Thickness Sectional

Replicate (in) (in) Area (in?)
TFS13-1 0.5108 0.1228 0.0627
TFS13-2 0.5093 0.1225 0.0624
TFS13-3 0.4945 0.1160 0.0574
TFS13-4 0.4935 0.1160 0.0572

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.9-2. The specimens exhibited HGN failure as shown in figure 3.7-3. Figure 3.9-3
shows the specimens after testing.
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(d)
Figure 3.9-2. 1-3 plane shear specimens prior to testing (a) TFS13-1, (b) TFS13-2,
(c) TFS13-3, (d) TFS13-4
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(d)
Figure 3.9-3. 1-3 plane shear specimens after testing (a) TFS13-1, (b) TFS13-2,
(c) TFS13-3, (d) TFS13-4
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Test Results: The summary of the results from the tests is shown in table 3.9-2. The
shear modulus reported in table 3.9-2 is in terms of engineering shear strain not
tensorial shear strain. It should be noted that MAT213 requires stress-tensorial strain

curve input from the user and internally converts the curve into stress-engineering strain

before computing the shear modulus for use in the program.

Table 3.9-2. Summary of 1-3 Plane Shear Test Results

Replicate Loading | Tensorial Gais (psi) Failure Peak
Rate Strain Strain Stress

(in/min) Rate (Tensorial) (psi)

%)

TFS13-1 0.05 1.00(103) 345 941 0.07511 11 837
TFS13-2 0.05 8.00(10%) 341 301 0.06827 12 146
TFS13-3 0.05 9.00(104) 358 760 0.07608 13 070
TFS13-4 0.04 7.50(104) 344 951 0.06213 12 623
Average - - 347 738 0.07040 12 419

Standard Deviation - - 7614 0.00651 541
Coefficient of
Variation - - 2.2% 9.3% 4.4%

Figure 3.9-4 shows the individual stress-strain curves for each of the specimens as well
as the model curve.
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Figure 3.9-4. 1-3 plane shear stress-tensorial strain curves
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3.10 TEST T10: 45° OFF-AXIS TENSION TEST IN THE 1-2 PLANE

This test is used to generate the 45° off-axis tension stress-strain curve in the 1-2 plane.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.10-1.
The specimen geometry shown in figure 3.10-1(a) is taken from ASTM D3039. The
alternative geometry (figure 3.10-1(b)) was created to try to promote failure in the gage
section of the test specimens. Shaded regions indicate where the fiberglass tabs are
bonded to the specimen.

190.5 |

58.0

1

127

146.1 |

31.8 |

12.7

(b)
Figure 3.10-1. Specimen geometry and layout (a) ASTM geometry, (b) Alternative
geometry

The average specimen dimensions in the gage section are shown in table 3.10-1 for the
four tested replicates.

Table 3.10-1. 1-2 Plane 45" Off-Axis Tension Test Specimen Dimensions

Cross

Thickness Sectional

Replicate | Width (in) (in) Area (in?)
TFO12-3 0.4983 0.1240 0.0618
TFO12-4 0.4989 0.1234 0.0615
TFO12-5 0.4917 0.1229 0.0604
TFO12-6 0.4907 0.1233 0.0605

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.10-2. The specimens exhibited failure in the matrix between and at the angle of the
fibers before the tests ended. Figure 3.10-3 shows the specimens after testing.
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(d)
Figure 3.10-2. 1-2 plane 45° off-axis tension specimens prior to testing (a) TFO12-3,
(b) TFO12-4, (c) TFO12-5, (d) TFO12-6

(d)
Figure 3.10-3. 1-2 plane 45° off-axis tension specimens after testing (a) TFO12-3,
(b) TFO12-4, (c) TFO12-5, (d) TFO12-6
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Test Results: The summary of the results from the tests is shown in table 3.10-2.

Table 3.10-2. Summary of 1-2 Plane 45° Off-Axis Tension Test Results

Replicate Loading Strain Modulus (psi) | Ultimate Peak
Rate Rate Strain Stress

(in/min) (%) (psi)

TFO12-3 0.02 8.00(105) 1581 087 0.00635 8919

TFO12-4 0.02 8.00(10) 1513 604 0.00759 9642

TFO12-5 0.02 8.00(10) 1500 341 0.00712 8 997

TFO12-6 0.02 4.00(10) 1465 136 0.00797 9411

Average - - 1515 042 0.00726 9242

Standard Deviation - - 48 548 0.00070 343

Coefficient of -

Variation - 3.2% 9.6% 3.7%

Figure 3.10-4 shows the individual stress-strain curves for each of the specimens as
well as the model curve.

Off-axis tension (45°, 1-2 plane)
12 000 ;
—TFO12-3
—TFO12-4
10 000 TFO12-5
TFO12-6
A
—Model (average) //
8 000 /,
TE
2
g 6 000 7
& /
4000 /
2 000 /
0
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Strain (in/in)

Figure 3.10-4. 1-2 plane 45’ off-axis tension stress-strain curves
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3.11 T11 TEST: 45° OFF-AXIS COMPRESSION TEST IN THE 2-3 PLANE

This test is used to generate the 45° off-axis compression stress-strain curve in the 2-3
plane.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.11-1.
The geometry shown is a modified version of the geometry set by ASTM D7291. A cube
was substituted for a cylindrical specimen for ease of machining and sample
preparation. However, due to the limitation of the maximum specimen size presented by
the thickness of the available panels, the size of the specimen was modified by making
the specimens’ dimensions smaller. ASTM D7291 sets guidelines for through thickness
tensile properties. This ASTM was used because there is no standard available that
sets guidelines for obtaining through thickness compressive properties of fiber
reinforced composites.

o’
A
! ,\Qj
12.7

Figure 3.11-1. Specimen geometry and layout

12.7

The average specimen dimensions in the gage section are shown in table 3.11-1 for the
three tested replicates.

Table 3.11-1. 2-3 Plane 45° Off-Axis Compression Test Specimen Dimensions

Cross

Thickness Sectional

Replicate | Width (in) (in) Area (in?)
TFO23-3 0.5457 0.5179 0.2826
TFO23-4 0.5142 0.5043 0.2593
TFO23-5 0.5309 0.5113 0.2715

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.11-2. The specimens exhibited brittle failure of the matrix in the 2-3 plane before the
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tests were terminated. Figure 3.11-3 shows the specimens after testing. Each set of
photos includes an image of the front, left, and right side of the respective specimen.
The front of the specimen is defined as the surface that was speckled for the purpose of
capturing the strain field throughout the experiment.

(c)
Figure 3.11-2. 2-3 plane 45° off-axis compression test specimens prior to testing
(a) TFO23-3, (b) TFO23-4, (c) TFO23-5
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(b)
Figure 3.11-3. 2-3 plane 45° off-axis compression test specimens after testing
(a) TFO23-4, (b) TFO23-5°

Test Results: The summary of the results from the tests is shown in table 3.11-2.

Table 3.11-2. Summary of 2-3 Plane 45° Off-Axis Compression Test Results

Replicate Loading Strain Modulus Ultimate Peak
Rate Rate (psi) Strain Stress
(in/min) (%) (psi)
TFO23-3 0.005 1.20(104) 945 437 0.05649 21 200
TFO23-4 0.005 1.20(104) 1048 242 0.05497 23 084
TFO23-5 0.005 1.30(104) 850 293 0.06007 21 205
Average - § 947 991 0.05718 21830
Standard Deviation - ) 98 999 0.00262 1086
Coefficient of -
Variation - 10.4% 4.6% 5.0%

Figure 3.11-4 shows the individual stress-strain curves for each of the specimens as
well as the model curve.

9 Specimen TFO23-3 shattered at the end of the test, so there is no photograph. The specimen exhibited the same failure pattern
as the other specimens.
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Figure 3.11-4. 2-3 plane 45° off-axis compression stress-strain curves
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3.12 TEST T12: OFF-AXIS COMPRESSION TEST 45° IN THE 1-3 PLANE

This test is used to generate the 45° off-axis compression stress-strain curve in the 1-3
plane.

Specimen Geometry: The specimen dimensions and layout are shown in figure 3.12-1.
The geometry shown is a modified version of the geometry set by ASTM D7291. A cube
was used in place of a cylindrical specimen for ease of machining and sample
preparation. However, due to the limitation of the maximum specimen size presented by
the thickness of the available panels, the size of the specimen was modified by making
the specimens’ dimensions smaller. ASTM D7291 sets guidelines for through thickness
tensile properties. This ASTM was used because there is no standard available that
sets guidelines for obtaining through thickness compressive properties of fiber

reinforced composites.

Ny

o

12.7

N
12.7

Figure 3.12-1. Specimen geometry and layout

— —

The average specimen dimensions in the gage section are shown in table 3.12-1 for the
four tested replicates.

Table 3.12-1. 1-3 Plane 45° Off-Axis Compression Test Specimen Dimensions

Cross

Thickness Sectional

Replicate | Width (in) (in) Area (in?)
TFO13-8 0.5092 0.5254 0.2675
TFO13-10 0.5083 0.5029 0.2556
TFO13-11 0.5089 0.5035 0.2562

Specimen Photographs: The specimen photographs before the tests are shown in figure
3.12-2. The specimens exhibited brittle failure of the matrix in the 1-3 plane between the
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fibers before the tests were terminated. Figure 3.12-3 shows the specimens after
testing. Each set of photos includes an image of the front, left, and right side of the
respective specimen. The front of the specimen is defined as the surface that was
speckled for the purpose of capturing the strain field throughout the experiment.

()
Figure 3.12-2. 1-3 plane 45° off-axis compression test specimens prior to testing
(a) TFO13-8, (b) TFO13-10, (c) TFO13-11
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()
Figure 3.12-3. 1-3 plane 45° off-axis compression test specimens after testing
(a) TFO13-8, (b) TFO13-10, (c) TFO13-11

Test Results: The summary of the results from the tests is shown in table 3.12-2.
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Table 3.12-2. Summary of 1-3 Plane 45° Off-Axis Compression Test Results

Replicate Loading Strain Modulus Ultimate Peak
Rate Rate (psi) Strain Stress

(in/min) (%) (psi)

TFO13-8 0.005 1.40(104) 1269 537 0.0915 29 247
TFO13-10 0.005 1.51(10% 1 403 289 0.0863 27 797
TFO13-11 0.005 1.47(10% 1040 476 0.0958 29 282
Average - - 1237767 0.0912 28 775

Standard Deviation - ) 149 812 0.0039 692
Coefficient of -
Variation - 12.1% 4.3% 2.4%

Figure 3.12-4 shows the individual stress-strain curves for each of the specimens as

well as the model curve.
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Figure 3.12-4. 1-3 plane 45° off-axis compression stress-strain curves
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3.13 TEST T13: MASS DENSITY TEST

The mass density of the material meets ASTM D792-13. First, the mass of the
specimens in air is found using a scale. Second, a beaker is filled with water and the
specimens are immersed in the liquid using a wire to suspend the specimen in the liquid
and to prevent the specimen from contacting the beaker. The apparent mass of the
specimen and the submerged portion of the wire in water are recorded. Third, the wire
is submerged up to the same point as in the second step and its apparent mass in water
is recorded. Using all three measurements, the specific gravity of the material is
determined using the equation below. The samples used in the experiment were taken
from the edge of the panels. The process was calibrated and verified by first using
aluminum. The specific gravity obtained using aluminum is 2.61, which is within the
reported range.

. a Sq = Specific Gravity
S arw-b a = apparent mass of specimen in air
b = apparent mass of completely
immersed specimen and patrtially
immersed wire in liquid
w = apparent mass of partially immersed
wire in liquid

(a) (b) ()
Figure 3.13-1. Specific gravity test showing (a) Overall test setup, (b) specimen and
wire submerged in water, and (c) wire submerged in water

Mass measurements are made using an AWS AL201S Analytical Balance?® that has a
resolution of 0.1 mg. The stand and beaker shown in figure 3.13-1 are part of a specific
gravity kit obtained from Mineralab??.

10 http://www.awscales.com/analytical-balances/166-al-201s-analytical-balance
1 http://www.mineralab.com/SGK-B/
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Table 3.13-1. Specific Gravity

Mass: Mass: Wire +
Specimen in Specimen Mass: Wire Specific
Sample Air (g) Submerged (9) Submerged (9) Gravity
1.3496 0.8113 0.3258
1.3502 0.8115 0.3273
1.3498 0.8110 0.3245
16-Ply 1 Aversat[%el:jifmg Average: 0.8113 Average: 0.3259 1.5615
0.00031 Std Dev: 0.00025 Std Dev: 0.00140
SD/AVG: . .
0.00023 SD/AVG: 0.00031 SD/AVG: 0.00430
0.6993 0.5786 0.3258
0.6990 0.5773 0.3246
0.6996 0.5784 0.3256
16-Ply 2 Averst';}[%el::)2;/6'993 Average: 0.5781 Average: 0.3253 1.5661
0.00030 Std Dev: 0.00070 Std Dev: 0.00064
SD/AVG: . .
0.00043 SD/AVG: 0.00121 SD/AVG: 0.00198
0.6867 0.5690 0.3257
0.6865 0.5707 0.3266
0.6854 0.5685 0.3242
16-Ply_3 Aversalglet:)gf%z Average: 0.5694 Average: 0.3255 15514
0.00070 Std Dev: 0.00115 Std Dev: 0.00121
SD/AVG: . .
0.00102 SD/AVG: 0.00203 SD/AVG: 0.00372
0.5534 0.5783 0.3845
0.5548 0.5845 0.3841
0.5536 0.5804 0.384
24-Ply 1 AverSa}[%e[:););/5'539 Average: 0.5811 Average: 0.3842 1.5513
0.00076 Std Dev: 0.00315 Std Dev: 0.00026
SD/AVG: . .
000137 SD/AVG: 0.00543 SD/AVG: 0.00069
0.567 0.5864 0.3846
0.5684 0.5839 0.3841
0.5678 0.5851 0.3832
24-Ply 2 Aveg%el:jg;ls.m? Average: 0.5851 Average: 0.3840 1.5488
0.00070 Std Dev: 0.00125 Std Dev: 0.00071
SD/AVG: . .
0.00124 SD/AVG: 0.00214 SD/AVG: 0.00185
11.4349 5.1205 1.0709
11.4348 5.1365 1.0614
11.4355 5.1405 1.0722
96-Ply_1 Average: ] ) 1.5514
11.4351 Average: 5.1325 Average: 1.0682
Std Dev: . .
0.00038 Std Dev: 0.01058 Std Dev: 0.00590
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SD/AVG:

SD/AVG: 0.00206

SD/AVG: 0.00552

0.00003
11.3898 5.1416 1.0659
11.3892 5.1441 1.0671
11.3902 5.1221 1.0673
Average: . .
96-Ply 2 11.3897 Average: 5.1359 Average: 1.0668 1.5559
Std Dev: ) .
0.00050 Std Dev: 0.01205 Std Dev: 0.00076
SD/AVG: . .
0.00004 SD/AVG: 0.00235 SD/AVG: 0.00071

The specific gravity can be multiplied by the mass density of water to determine the
mass density of the specimen.

Table 3.13-2. Specific Gravity Summary and Statistics

Specific

Sample Gravity
16-Ply 1 1.5615
16-Ply 2 1.5661
16-Ply 3 1.5514
24-Ply 1 1.5513
24-Ply 2 1.5488
96-Ply 1 1.5514
96-Ply 2 1.5559
Average 1.5552
Standard Deviation 0.0059
Coefficient of Variation 0.38%
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3.14 TEST T14: VOLUME FRACTION TEST

The volume fraction of the composite is found using ImageJ*?, an image analysis
program. Images obtained from an optical microscope are processed. The software
identifies the two constituents (fibers and matrix) based on their distinct colors (figure
3.14-1). It then calculates the amount of area that a phase occupies and reports the
findings. The analyses are performed using 200x, 400x, and 500x magnification images.
Figure 3.14-2 shows samples of the original and processed images used in the

analyses.
(c) (e)

(b) (d) (f)
Figure 3.14-1. ImageJ volume fraction analysis 16-Ply analysis zones (a),(b) 200x,
(c),(d) 400x, (e),(f) S00x

12 http:/fimagej.nih.gov/ij/
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(e)
Figure 3.14-2. ImageJ volume fraction analysis original and processed images (a) 200x
Original, (b) 200x processed, (c) 400x original, (d) 400x processed, (e) 500x original, (f)
500x processed

The results of the volume fraction test performed on a 16-Ply specimen are shown in
Tables 3.14-1-3.14-3.

Table 3.14-1. Volume Fraction Results 16-Ply, 200x

Matrix Volume
Zone Fraction (%)
A 23.1
B 29.0
C 27.4
Average 26.
Std. Deviation 3.1

Table 3.14-2. Volume Fraction Results 16-Ply, 400x

Matrix Volume
Zone Fraction (%)
A 31.0
B 315
C 28.8
Average 304
Std. Deviation 14
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Table 3.14-3. Volume Fraction Results 16-Ply, 500x

Matrix Volume
Zone Fraction (%)
A 29.7
B 30.6
C 29.8
Average 30.1
Std. Deviation 0.5
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4 DAMAGE CHARACTERIZATION TEST DETAILS AND RESULTS

4.1 BACKGROUND

The full damage tensor can be used to relate the true stress to the effective stress as:

Oy My M, M, M, My Mg Ulelﬁ
O M,, My, My My, My My 0‘3?
O3 | _ My, M; Mg My, My My Ufjg (3)
O, M, M, M; M, Mg Mg, Ufg
Oy Mg Mg, Mg Mg, My Mg |lo §§
O3 _MGI Mg, Mg Mg, Mg Mea_ Jle;f

However, in the current research, a semi-coupled, directional dependent relationship is
assumed, for example: M, = Mll(g},l,gﬁz,gﬁe’,gtz,gﬁs,gf). This can then be used to
construct the modified relationship as:

On ‘™M u O 0 0 0 0 | O-lef
Oy 0 M, O 0 0 0 o'gg
Os | _ 0 0 M, O 0 0 o'gg (@)
oy, 0 0 o M, O 0 || o
Oy 0 0 0 0 M, O 0'52
o3) | O 0 0 0 0 Mg J Jle;f

The damage parameter dikj' represents damage in kl due to loading along ij, as a
function of the directional plastic strain. It is assumed:

Normal damage is due to all normal and shear terms (for full generalization), for
example:

o) oo oo -2 ) -2 - - 5=
11

Shear damage is due to all normal and shear terms (for full generalization), for example:

(10 (o)) (102 (o)) (-0 (o)) (1 0 (42)) (105 (e8)) (1t (2)) = 2 (©

Using the given notation and assumptions, the expanded damage transformation can
be written as:
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Eq. 7 shows that a total of 36 damage terms are required to fully characterize the
damage in an orthotropic material. However, no assumptions are made as far as the
symmetry of the material is concerned, meaning tension and compression is not treated

am T am c
( Eldl j # [ Eldl j
as being identical. By Ba )

The asymmetry of the material means a total of 54 normal damage parameters and 27
shear damage parameters are required to characterize an orthotropic material. Three
additional uncoupled damage terms for the off-axis tests are also required for converting
input stress-strain curves to effective stress-effective plastic strain curves. This leads to
a total of 84 damage terms that need to be determined experimentally. For preliminary
damage characterization experiments, a plane stress assumption is used. This
eliminates all experiments related to the 3-direction of the composite (through the
thickness). Additionally, analyzing the results of the quasi-static room temperature
experiments shows the 1-direction (longitudinal to the fibers) exhibits linear-elastic
behavior throughout the experiment. Therefore, the experiments related to the 1-
direction are also eliminated. Because no assumption is made about the symmetry of
the material, both tension and compression in the 2-direction are tested separately. The
experiments that must be carried out to obtain the necessary damage parameters are
shown in Tables 4.1-1 through 4.1-4.

Table 4.1-1. Uncoupled Normal and Shear Damage Parameters

Parameter Details
22; p T2 unload/reload: damage 2-direction tension
dzzT &,
22 ( ..p C2 unload/reload: damage 2-direction compression
d22 (822 )
C C
2( .p S12 unload/reload: damage 12-plane
di; (&5
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Table 4.1-2. Coupled Normal-Normal Damage Parameters

Parameter Details

d 2 (gp ) T2 unload/reload: damage 2-direction compression
22, 22;

d? (&P C2 unload/reload: damage 2-direction tension
22 (‘922C )

Table 4.1-3. Coupled Normal-Shear Damage Parameters

Parameter Details
22: ( .p S12 unload/reload: damage 2-direction tension
d," (&5
2¢ ( .p S12 unload/reload: damage 2-direction compression
d,° (&5

Table 4.1-4. Coupled Shear-Normal Damage Parameters

Parameter Details
d2 (gP T2 unload/reload: damage 12-plane
2, \ 22,
12 (_.p C2 unload/reload: damage 12-plane
d22 (822 )
C C

Details of the experiments are provided in the next section. Determining the damage
parameters requires the measurement of either the damaged modulus or plastic strain
(by unloading the material to a state of zero stress) at several total strain values.

Table 4.1-5. Damaged Modulus and Plastic Strain (normal stress-strain relationship)

Damaged Modulus Plastic Strain
Edll
it =15
11 = p
6y =Eylen—en
My =1-d; 0( )
~ _ Oy Mllll :~_11
1~ M 11 611
1 di—1_Mu
G 1= 1 9)
_%u
811 511 E
11 (8)

Using either approach, the damage parameter can be calculated at different values of
total strain. It is important to note that the number of effective stress versus total strain
points is equal to the amount of unloading steps taken during experimentation.
Therefore, the true stress versus total strain curve may have more points than the
damage parameter versus total strain curve. Therefore, consider the desired resolution
of the damage parameter data when determining the number of unloading steps.

Similarly, the shear damage terms are determined using either of the following two
approaches.
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Table 4.1.6. Damaged Modulus and Plastic Strain (shear stress-strain relationship)

Damaged Modulus Plastic Strain
GdlZ
i =12
12 = — p
Gy, =2G, (&, — €
M3 =1-d s (6]
12
- _ (712 M44 :~_12
O12 = M 2 01,
4 X _1_ml2
&, dy =1-M., (11)
Ep =& —
2G,, (10)

The same approach can be used to determine the coupled terms with the following

Ed (&P
generalized equation: d ikj':l—M.
Ekl

4.2 EXPERIMENTAL METHODS

The experiments to characterize the damaged behavior of the T800/F3900 composite

were performed using the respective test fixtures as the QS-RT tests. Additionally, the
post-processing technigues used to obtain strain field data were the same as the QS-

RT tests. Any additional methods or fixtures used for the experiments are discussed in
this section.

4.2.1 Uncoupled Experiments

The procedure for the experimental tests to obtain the uncoupled damage terms is
described below, where the damaged modulus and plastic strain are calculated at each
of the unload/reload steps. The procedure applies to the uncoupled 2-direction tension,
uncoupled 2-direction compression, and uncoupled 1-2 plane shear.

Load Steps (figure 4.2-1):

a) Load to a damaged point, i.e. point 1.

b) Unload to a stress-free state, i.e. point 2.

c) Perform three conditioning load/unload cycles in the current elastic regime, i.e.
between point 2 and point 1a, where point 1a corresponds to 80% of the stress
value observed at point 1.

d) Reload to a strain level past the point of the previously loaded state, i.e. load to
point 3.

e) Repeat steps b and c for the desired amount of damage points.

f) Final unload point is 2 standard deviations below the average failure strain of the
respective QS-RT curves.
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A
F
2i-1
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i 1)a
)
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/ / !
- . 8
2 4 2i Strain
4 _ » 20
3 regions
P
Figure 4.2-1. Loading-unloading steps for characterization of uncoupled damage
parameters

Conditioning cycles serve two purposes. The first is to yield more information about the
elastic modulus at the point of plastic strain. Because multiple cycles are performed,
multiple measurements of the elastic modulus can be made. This information gives
statistical data that can be used to determine whether the change in modulus as the test
progresses is due to numerical dispersion or actual damage. If there is no clear trend,
any data that lies within the average dispersion in the given cycles can be attributed to
noise in the data instead of damage in the specimen. The second is that the elastic
modulus seemed to approach a steady state value as the conditioning cycles were
performed. The test specimens used for the uncoupled 2-direction tension, uncoupled
2-direction compression, and uncoupled 1-2 plane shear are shown in figure 4.2-2
through 2-4 respectively.

180.5

127

Figure 4.2-2. Uncoupled 2-direction tension test specimen (dimensions in mm)
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25.4

-

139.7

Figure 4.2-3. Uncoupled 2-direction compression test specimen without tabs
(dimensions in mm)

19.1

58°

Figure 4.2-4. Uncoupled 1-2 plane shear test specimen (dimensions in mm)

4.2.2 Coupled Experiments

The coupled damage terms are obtained by testing a specimen in one direction to a
damaged point, then reloading in another direction elastically just enough to obtain a
modulus value without inducing any additional damage. The steps to obtain the normal-
normal coupled damage are described below. These steps follow the same general
procedure from the uncoupled tests with an additional reloading in the damage direction
of interest. The damage direction may be either another material direction/plane or
loading the specimen tension/compression.

Load Steps (figure 4.2-5):

a) Obtain initial undamaged modulus in direction kl following steps d-f.

b) Load to a damaged point in ij direction, i.e. point 1.

¢) Unload to a stress-free state in the ij direction, i.e. point 2.

d) Change the loading direction to kl. Reload elastically in the kl direction, without
inducing any additional damage.
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e) Unload to a stress-free state in the kl direction.

f) Perform three conditioning load/unload cycles in the current elastic regime of the
kl direction, i.e. between point 2 and point 1a, where point 1a corresponds to
80% of the stress value observed at point 1.

g) Change the loading direction to ij. Reload to a strain level past the point of the
previous unloading in the ij direction.

h) Repeat steps b-e for the desired amount of damage points.

i) Final unload point in the ij direction is 2 standard deviations below the average
failure strain of the respective QS-RT curves for the experiment where damage is

being induced in the specimen.

[} [}
F
2i-1
2 ’ 2 !
o % [ |
n & 1a
€
2 4 2 Strain 5 &
) : o 2 _ Strain o
3 regions (b) Elastic reloading-unloading in

SP
(a) Loading-unloading in the ij direction
Figure 4.2-5. Loading-unloading steps for characterization of coupled damage

Kl
parameter 0;

the kl direction

The specimen dimensions shown in figure 4.2-6 are used for both coupled normal tests.

25.4

i

139.7

Figure 4.2-6. Specimen dimensions for coupled normal-normal tests (dimensions in
mm)
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The coupled damage terms for the normal-shear relation can be obtained by following
the same coupled procedure for the normal-normal test cases. However, the initial
loading is in the normal direction to induce damage with elastic reloading-unloading in
the shear plane. The specimen for the coupled normal-shear tests is shown in figure
4.2-7.

38.1 |

| 12.2 |

18.8

.

>
(&)

[+]

3.3

90°
Figure 4.2-7. Specimen dimensions for coupled normal-shear tests (dimensions in mm)
The coupled shear-normal test coupons are the same as those used for the coupled
normal-shear tests, but the loading steps are reversed. In other words, the specimens
are loaded in the shear plane to induce damage, and the corresponding elastic
reloading-unloading is performed in the normal direction.

4.2.3 Computing Elastic Modulus

The elastic modulus is computed at each point of damage inducing strain. A linear
regression is performed on all load and unload paths, including the conditioning cycles,
at the current point of strain for which damage is measured. Figure 4.2-8 shows a
typical cycle for the coupled 2-direction compression 2-direction tension test. Figure 4.2-
8(a) shows the specimen being loaded in compression to a predetermined strain value
and subsequently being unloaded to a stress-free state. Figure 4.2-8(b) shows the
specimen being subjected to multiple load and unload cycles in the elastic regime in
tension.
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Tension Cycle

Compression Cycle

-0.014 -0.012 -0.010 -0.008 -0.006 -0.004 -0.002 0.000 0.002 1200
0

2000 1000
-4000 800

-6000
600

Stress (psi)

-8000
400

Stress (psi)

-10000

-12000 200

-14000 0
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012

-16000
Strain (in/in)

Strain (in/in)

(@) (b)

Figure 4.2-8. Standard cycle for the coupled test: 2-direction compression and 2-
direction tension (a) compression loading causing damage and (b) subsequent
interrogation in tension with conditioning cycles

Figure 4.2-8(b) shows curvature when the load direction reverses. This is because
systems used to capture strain data and force are completely independent, which
causes a discrepancy in the actual time at which the respective corresponding data was
captured. The curved regions are ignored in the regression analysis. Figure 4.2-9 shows
each individual load and unload path along with its corresponding regression equation.

77



Initial load Initial unload
1200 1200
y =1083 188.478x - 327.155 y =1154 097.403x - 519.220
1000 R2=0.998 1000 R%=0.999
- 800 - 800
8 2 .
% 600 % 600
& 400 & 400
200 200
0 0
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016
Strain (in/in) Strain (in/in)
Condload 1 Cond unload 1
1000 900
900 y=1071956.027x-339.614 goo  y=1111830.167x - 496.435
800 R2=0.999 200 R?=0.999
_ 700 _ &0
é 600 é 500
» 500 »
§ 400 § 400
@ 300 “ 300
200 200
100 100
0 0
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Strain (in/in) Strain (in/in)
Cond load 2 Cond unload 2
1000 900
900 | y=1085103.491x - 350.871 800 | y=1117 644.204x - 507.857
800 R?=0.999 700 R2=0.999
. 700 . 600
‘s 600 @
= £ 500
«» 500 n
§ 400 § 400
2 00 & 300
200 - 200
100 100
0 0
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
Strain (in/in) Strain (in/in)
Cond load 3 Cond unload 3
1000 900
900 | y=1091763.390x - 367.877 800 y=1126669.815x - 522.111
800 R?=0.998 700 R?=0.998 :
_ 700 — 600 2
2 600 2 00
g 3 400
£ 400 %
v 300 300
200 200
100 100
0 0
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Strain (in/in) Strain (in/in)

Figure 4.2-9. Individual load and unload paths in the tension cycle

The data shown in figure 4.2-9 is summarized in table 4.2-1.
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Table 4.2-1. Summary of Tension Moduli

Title Measurement Modulus (psi)
1st load 1 1083188
1st unload 2 1154 097
1st cond load 3 1071 956
1st cond unload 4 1111830
2nd cond load 5 1085 103
2nd cond unload 6 1117 644
3rd cond load 7 1091763
3rd cond unload 8 1126 669
Average loading 1083 003
Average unloading 1127 560
Average Total 1105 281
SD loading 7128
SD unloading 16 208
SD Total 25 556
CV loading 0.66%
CV unloading 1.44%
CV Total 2.31%

The average loading modulus is compared against the modulus from the undamaged
cycle for a given specimen. This comparison is used to compute the damage parameter
at the given total strain value where unloading was initiated in the damage inducing
direction. The same process is used for all coupled damage tests as well as uncoupled
tests unless otherwise noted. However, in uncoupled tests, the damage inducing
direction and the interrogation directions are identical.

79



4.3 EXPERIMENTAL RESULTS

4.3.1 Uncoupled 2-direction Tension

An uncoupled 2-direction tension load, tension reload test was performed to obtain an
initial estimate of the plastic strains when the specimen is unloaded. The results of the
experiment are shown in figure 4.3-1.

T2 Load-Unload

8 000
T2 Load Unload
7000 —QS-RT Curve
0.0052, 5 725.9604
6 000

5000

o

4000 0.0042, 4 731.3541

3000

Stress (psi)

2000

1000

0

-1 000
-0.001 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Strain (in/in)

Figure 4.3-1. Uncoupled 2-direction tension test

Figure 4.3-1 shows the points of unload used during the experiment as well as the
average curve from the Quasi-Static Room Temperature (QS-RT) 2-direction tension
experiments. After analysis of the data, the specimen showed no plasticity as it
reloaded back to a state of both zero stress and zero strain. Consequently, no more
experiments were performed because there is no data to obtain a damage parameter.
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4.3.2 Uncoupled 1-2 Plane Shear

Uncoupled 1-2 plane shear tests were performed using the 1-2 shear specimen shown
in figure 4.3-2(a) instead of the 2-1 shear specimen shown in figure 4.3-2(b). This was
done because MAT 213 takes 1-2 shear data as input, and the damage being

calculated must correspond to the input data.

19.1
6.6

(a) (b)
Figure 4.3-2. (a) 1-2 shear specimen (b) 2-1 shear specimen

Four replicates of this experiment were completed. The curves can be seen in figure
4.3-3.

Uncoupledshear 1-2 plane

24000
TFS12UC-1
—TFS12UC-2
—TFS12UC-3
19000 —TFS12UC-4 /__._
—AQS-RT Model Curve =
14000
@
o
(%]
o
“ 9000
4000
-1000

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Tensorial Shear Strain (rad)

Figure 4.3-3. Uncoupled 1-2 plane shear experimental curves
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All replicates showed displayed nonlinear unloading and reloading behavior. MAT 213
cannot replicate this hysteretic behavior. Instead, the code simplifies the unload and
reload as a line with the slope of the damaged modulus corresponding to the total strain
value where unloading was initiated. Therefore, the damaged modulus will not be a
regression of any sort along either the load or unload path. Instead, the damaged
modulus will be calculated as the slope between two points. The first point corresponds
to where unloading was initiated, and the second point corresponds to the point where a
state of zero stress is reached during the unload. The damaged moduli and
corresponding total strain values are shown in table 4.3-1.

Table 4.3-1. Uncoupled 1-2 Plane Shear Summary of Results

Replicate | Total Strain | Modulus
Name (infin) (psi)
TFS12UC-1 0.0646050 225 167

0.1025496 186 202

0.1354536 190 529

TFS12UC-2 0.0603129 236 291
0.1069462 219 007

TFS12UC-3 0.009144 432 401
0.028105 295 745

0.06729 215 540

TFS12UC-4 0.022773 313 482
0.070291 269 741

0.118904 249 057

TFS12UC-2 only had two data points because there was an issue with the experimental
procedure that governed the load and unload cycle. The damage parameter for a
corresponding level of strain can be computed as the ratio of the damaged modulus to
the initial elastic modulus of the given replicate. The results of this calculation are shown
in figure 4.3-4.
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Uncoupled 1-2 Plane Shear Damage Curves

Damage Parameter
o © o © o
B (0] (e)] ~N (ole}

o
w

0.2
TFS12UC-1
——TFS12UC-2
0-1 TFS12UC-3
——TFS12UC-4
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Total Strain (Tensorial)

Figure 4.3-4. Uncoupled 1-2 plane shear damage curves

The trend in figure 4.3-4 leads to the conclusion that there is a large amount of initial
damage and the damaged modulus asymptotically approaches some value at larger
values of total strain. The damage-total strain curves must be converted into a form that
MAT 213 can use as input. The damage parameters must be known for all given points
of strain until failure for any given input stress-strain curve. This means the damage-
total strain curves must be extrapolated to the final value of total strain of the
corresponding input curve, i.e. QS-RT S12 curve. Additionally, a model damage-total
strain curve must be generated because only one curve can be used to define the
damage for any given material curve. The extrapolated replicate curves and the model
curve are shown in figure 4.3-5.
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Uncouple Shear 1-2 Plane Damage Curves
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Figure 4.3-5. Damage vs. total strain: Extrapolated uncoupled 1-2 plane shear damage
curves and final model curve
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Figure 4.3-6 shows pictures of the tested specimens.
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(d)
Figure 4.3-6. Uncoupled 1-2 plane shear specimens after failure (a) TFS12UC-1,
(b) TFS12UC-2, (c) TFS12UC-3, and (d) TFS12UC-4
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4.3.3 Uncoupled 2-direction Compression

Three replicates of the uncoupled 2-directon compression tests have been performed
so far. The results of these tests can be seen in figure 4.3-7.

Uncoupled 2-direction Compression

30000
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0 e
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Strain (in/in)

Figure 4.3-7. Uncoupled 2-direction compression experimental curves

Expectedly, the cyclic curves are, for the most part, enveloped by the QS-RT monotonic
curve. Three damage points were obtained, and the damage-total strain curves are

shown in figure 4.3-8.
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Uncoupled Compression 2-Direction
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Figure 4.3-8. Uncoupled 2-direction compression damage curves

The regression equations are used to extrapolate the respective curves to the failure
strain of the C2 model curve because data up to this point is needed to drive the finite
element material model. The model curve is generated by performing a point by point
average of the linear regression models from each of the respective replicates. A linear
model was chosen over nonlinear models because the amount of available data points
is too few to determine any sort of nonlinear pattern. A quadratic expression could have
been used and would have yielded a better fit to the data, but there is not enough
evidence to show that the damage behavior is nonlinear. Table 4.3-2 shows a summary
of the experimental data.
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Table 4.3-2. Uncoupled 2-direction Compression Damage Parameters

Replicate | Total Modulus (psi) Damage
Name Strain Parameter
(infin)
0 1198 186 0
TEC2UC.o | 00106 1182842 0.0128
0.0140 1159 427 0.0323
0.0192 1 129 000 0.0577
0 1226 124 0
TEC2UC.3 |0:0100 1209 935 0.0132
0.0138 1194917 0.0255
0.0181 1167 535 0.0478
0 1197 577 0
TEC2UC.24 | 00106 1184 954 0.0105
0.0159 1143 262 0.0454
0.0231 1102 623 0.0793

Table 4.3-2 shows a reduction in modulus as the total strain increases during the
experiment. The damage parameters continue to increase as the total strain increases
and do not show the same asymptotic behavior as the uncoupled 1-2 shear damage
curves. Figure 4.3-9 shows pictures of the tested specimens.
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Figure 4.3-9. Uncoupled 2-direction compression specimens after failure (a) TFC2UC-
22, (b) TFC2UC-23, and (c) TFC2UC-24
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4.3.4 Coupled 2-Direction Compression 2-Direction Tension

Three replicates of the experiment have been completed so far. The stress-strain
curves for the compression and tension cycles from a single replicate are shown in

figure 4.3.10.
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Figure 4.3-10. Experimental stress-strain curves: Coupled 2-direction compression 2-
direction tension (a) compression cycles and (b) tension cycles
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The damage-total strain curves for three replicates are shown in figure 4.3.11.
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Figure 4.3-11. Coupled 2-direction compression 2-direction tension damage curves
The linear regression was performed as described in section 4.3-3. The damage
parameter shows similar behavior to that of the uncoupled 2-direction compression tests

in that the values do not plateau. Instead, they seem to continue increasing until failure.
Table 4.3-3 shows a summary of the experimental data.
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Table 4.3-3. Coupled 2-direction Compression 2-direction Tension Damage Parameters

Replicate Total Modulus (psi) Damage
Name Strain Parameter
(infin)
0 1124 067 0.0000
TEC2T2C-7 0.0123 1103 262 0.0185
0.0244 1039 364 0.0754
0 1156 429 0.0000
TEC2T20.8 0.0117 1132286 0.0209
0.0175 1 090 646 0.0569
0.0249 1 065 743 0.0784
0 1087 851 0.0000
TEC2T2C-9 0.0119 1083 188 0.0043
0.0179 1058 875 0.0266
0.0251 1031 783 0.0515
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Figure 4.3-12 shows pictures of the tested specimens and that failure was purposely not
induced in the specimen.

(©)
Figure 4.3-12. Coupled 2-direction compression 2-direction tension specimens after
testing (a) TFC2T2C-7, (b) TFC2T2C-8, and (c) TFC2T2C-9
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4.3.5 Coupled 2-Direction Compression 2-1 Plane Shear

The coupled 2-direction compression 2-1 plane shear experiment involves loading the
specimen in compression along the 2-direction and then unloading it to a state of zero
stress. The specimen is then loaded in shear enough to obtain an estimate of the

modulus. Figure 4.3.13 shows the specimen geometry that is used for the experiment.
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Figure 4.3-13. Specimen dimensions for coupled 2-direction 2-1 plane shear tests
(dimensions in mm)

Before starting the cyclic loading experiments, an investigative experiment was
performed to ensure the response of this specimen geometry in compression. This is
consistent with the results of the QS-RT 2-direction compression experiments. The
compression test was performed with a modified version of the CLC test fixture shown
in figure 2.2-1. Consequently, all compression cycles for this test were performed with
the same modified CLC fixture. The result of the investigative test is shown in figure
4.3.14.
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Figure 4.3-14. Investigative 2-direction compression test using 2-1 plane shear
specimen geometry

The three curves in figure 4.3.14 represent the following:

e QS-RT Model Curve: The average curve computed using the replicate data
obtained from QS-RT 2-direction compression tests.

e Area between notches: Using the force data obtained from the investigative test,
the stress was calculated using the cross-sectional area between the notches of
the specimen. This area seemed to overestimate the stress induced in the
specimen.

e Scaled based on QS-RT: The curve denoted “Area between notches” was scaled
down using a single factor. The factor was obtained by computing the ratio of
stress at a single strain value of the “Area between notches” curve and the “QS-
RT model curve”. This factor was then applied to the entirety of the “Area
between notches” curve. The resulting data is the “Scaled based on QS-RT”
curve. The equation below shows the process stated mathematically.
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O'scaLED (5) = PO nen (‘9)

Scaling of the experimental data was performed because the specimen is not prismatic.
This means the cross-sectional area is not constant throughout the gage section.
Therefore, the stress calculation is not straightforward. The specimen after testing is
shown in figure 4.3.15.
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Figure 4.3-15. Coupled 2-direction compression 2-1 plane shear investigative specimen
after testing.

Additionally, the specimen exhibited premature failure when compared to the QS-RT 2-

direction compression curve. The failure is due to the presence of strain concentrations
at the notch tips of the specimen. The strain field is shown in figure 4.3.16.
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Figure 4.3-16. Strain field of C2-S21 coupled

The center rectangular region was used to generate the stress-strain curve because the
compressive longitudinal strains were uniform in that section throughout the experiment.
Figure 4.3.17 shows that at the instance of failure—the notch tips—the strain reaches a
value approximately equal to the failure strain from the QS-RT 2-direction compression
tests.
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Investigative Specimen Strain Comparison
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Figure 4.3-17. Strain comparison of the C2-S21 investigative compression test

The overall trend observed from the investigative curve is consistent with the QS-RT 2-
direction compression curve. This leads to the conclusion that this specimen geometry
suits this experiment.

The measurement of the damaged modulus comes from the 2-1 shear test instead of
the 1-2 shear test. The results of the QS-RT experiments show that the initial elastic
modulus values are essentially the same, although the entire stress strain curves are
different. The specimen geometries are shown in figure 4.3-18 for comparison.
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Figure 4.3-18. 1-2 shear specimen and 2-1 shear specimen: (a) 1-2 shear specimen,
(b) 2-1 shear specimen

A comparison of 1-2 and 2-1 plane shear stress-strain curves are shown in figure 4.3-
19.

1-2 and 2-1 Shear Comparison
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Figure 4.3-19. 1-2 and 2-1 plane shear stress-strain: comparison of initial portion of 1-2
plane shear stress-strain curves (red) with full 2-1 plane shear stress-strain curves
(black)

The assumption is that the damage induced in the S21 specimen is the same that would
be induced in the S12 specimen. The full coupled experiments use the 2-1 shear
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specimen geometry and strategy outlined in the previous sections for coupled damage
experiments. Three replicates of this experiment have been completed so far. The
stress-strain curves for both the compression and shear cycles from a single replicate
are shown in figure 4.3-20.
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Figure 4.3-20. Coupled 2-direction compression 1-2 plane shear experimental stress-
strain curves (a) compression cycles (unscaled) and (b) shear cycles
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The damage-total strain curves for three replicates are shown in figure 4.3-21.

Coupled Compression 2-direction and Shear 2-1 Plane Damage Curves
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Figure 4.3-21. Coupled 2-direction compression 1-2 plane shear damage curves

The damage curves show a similar trend to the uncoupled shear 1-2 plane tests in that
the damage parameter plateaus after a certain strain value. This indicates that no
further effects of the damage induced in the 2-direction materializes in the 1-2 shear
test. Figure 4.3-22 shows pictures of the tested specimens and that failure was
purposely not induced in the specimen.
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Figure 4.3-22. Coupled 2-direction compression 2-direction tension specimens after
testing (a) TFC2S21-12, (b) TFC2S21-15, and (c) TFC2S21-16
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4.3.6 Remaining Damage Characterization Experiments

Table 4.3-4 shows a list of the experiments that have not yet been performed.

Table 4.3-4. Remaining Damage Characterization Experiments

Parameter Description
d2 (gp ) S12 unload/reload: damage 2-direction tension
12 22;
d2% (P S12 unload/reload: damage 2-direction compression
12 (‘922C )

Both of the experiments shown in table 10 correspond to experiments that require
loading an S12 specimen into plasticity and then determining the damaged modulus in
the normal directions. An S12 specimen must be used to conduct this experiment
because it is used as input to MAT 213, and the damage terms must correspond to the
strain values from the input curve. Currently, the difficulties in conducting the coupled
experiments are due to the specimen geometry shown in figure 4.3-23.
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Figure 4.3-23. Specimen geometry: coupled 1-2 plane shear 2-direction
compression/tension specimen geometry

w NN

The loading direction corresponds to the requirement of 2-direction compression/tension
loading. This geometry does not lend itself to performing these experiments because
there is not enough material to adequately grip the specimen.
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5 CONCLUDING REMARKS

This report describes laboratory tests conducted at room temperature and at quasi-
static loading conditions. The report includes:

e Data from the analysis of the laboratory tests for Toray’s T800-F3900
unidirectional composite.

e The stress-strain curves from 12 different tests.

e Mass density and volume fraction of the composite.

e Curve data and mass density used as input in the MAT213 model for the
composite.
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APPENDIX A—ANALYSIS OF DIC-OBTAINED STRAIN FIELD

During the experiments, all the components of the strain field are monitored. This
ensures test data are reliable. For tension and compression tests, the critical strain is
defined as the strain in the direction of loading. For shear tests, the critical strain is the
shear strain induced in the principal plane being tested. The other strain components
are relatively much smaller, which indicates the test results are reliable. Figure A.1-1
shows the longitudinal, transverse, and shear strain fields of a 1-direction tension

specimen at failure. Note that the magnitude of the scales for each strain field is the
same.
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eyy [1] - exx [1] - exy [1] -
Lagrange Lagrange Lagrange
0.01793588 -0.000958085 0.0179388
0.0168775 -0.00201938 0.0156965
0.0158162 -0.00308067 0.0134541
] 0.0147543 -0.00414197 —0.0112117
[ 0.01365935 -0.00520326 [ 0.0089694
1 0.0126323 -0.00626456 — 0.00672705
[ 0.011571 [~ -0.00732585 ] 0.0044347
(] 0.0105097 ] -0.00838715 [ 0.00224235
[ 0.00944344 ] -0.00944844 =0
[ 0.00838714 [ -0.0105097 1 -0.00224235
[ 0.00732585 [ -0.011571 = -0.0044547
0.,00626455 ] -0.0126323 -0,00672705
0.00520326 ] -0.0136936 -0,0039694
0.00414197 = -0.0147549 -0.0112118
0.00308067 -0.0158162 -0.0134541
0,00201933 -0.0168775 -0.0156965
0.000958085 -0.0179388 -0.01793a3

Figure A.1-1. TF16-5 strain fields (a) Longitudinal strain, (b) Transverse strain, (c)
Tensorial shear strain

Table A.1-1 shows the maximum strain components at peak stress for a typical
specimen from the tests. The critical strain may be either failure or ultimate depending
on how it is labeled in its respective section. The critical strain for each test is
highlighted.
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Table A.1-1. Summary of the Maximum Strains for Each Test at Peak Stress

Test Type Replicate | Longitudinal Transverse Tensorial Shear
Strain Strain Strain
1-direction tension TF16-5 0.01579 -0.00508 0.000763
2-direction tension TFT2-5 0.00641 -0.00007030 -0.0000293
3-direction tension TFT3-13 0.00395 -0.00176 -0.00000367
1-direction TFC1-9 -0.00622 0.00263 -0.00058
compression
2-direction TFC2-15 -0.02817 0.00069 -0.00024
compression
3-direction TFC3-8 -0.02306 0.016705 -0.00178
compression
1-2 plane shear TFS12-8 0.002845 -0.00401 0.12946
2-3 plane shear TFS23-5 0.000394 -0.00041 0.00493
1-3 plane shear TFS13-2 0.002832 0.003957 0.06827
1-2 off axis tension TFO12-5 0.00712 -0.00218 0.002251
2-3 off axis TFO23-4 0.05497 0.054675 -0.00019
compression
1-3 off axis TFO13-8 0.0915 0.083225 -0.00805

compression
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